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An advanced manufacturing technique for the  design and in-process inspect ion of 
s p i r a l  bevel gears ,  u t i l i z i n g  a computer-controlled mult i -axis  coordinate  
measuring machine, has been developed a t  Sikorsky Ai rc ra f t  i n  a four-phase MM&T 
program sponsored by the  U.S. Army AVSCOM Propulsion Laboratory, Cleveland, 
Ohio. 
The technique uses the  Zeiss Model UMM-500 universa l  measuring machine i n  
conjunction with an advanced Gleason Works software package t h a t  permits rap id  
opt imizat ion of s p i r a l  bevel gear tooth geometry during i n i t i a l  too th  form 
development and more p rec i se  cont ro l  of t h e  too th  p r o f i l e  i n  production. The 
process involves three-dimensional mapping of s p i r a l  bevel gear t e e t h  over 
t h e i r  e n t i r e  working sur faces ,  using the UMM-500, and q u a n t i t a t i v e  comparison 
of su r face  coordinates with nominal master gear values  a t  some 45 g r i d  po in t s .  
I n  addi t ion ,  t h i s  technique fea tures  a means fo r  rap id ly  ca l cu la t ing  co r rec t ive  
gr inding  machine s e t t i n g s  f o r  cont ro l l ing  the  too th  p r o f i l e  within spec i f i ed  
to l e rance  l i m i t s .  
This new pos i t i ve  cont ro l  method eliminates most of t h e  subjec t ive  dec is ion  
making involved i n  the  present  inspection method, which compares contact  
p a t t e r n s  obtained when t h e  gear s e t  i s  run under l i g h t  load i n  a r o l l i n g  test  
machine. I t  produces a higher qua l i ty  gear with s i g n i f i c a n t  reduction ' i n  
inspec t ion  time. 
PREFACE 
This report  p resents  t he  r e s u l t s  of a four-phase program t o  develop an improved 
inspect ion method f o r  s p i r a l  bevel gears .  Phase I covers t he  d e f i n i t i o n  and 
development of a f i n a l  inspect ion method u t i l i z i n g  a mul t i -ax is  coordinate  
measuring machine. Phase I1 involves t h e  extension of t he  method t o  in-process 
inspect ion of s p i r a l  bevel gears .  A p i l o t  production program was conducted i n  
Phase I11 and f i n a l  documentation was performed i n  Phase I V .  
The work outlined here in  was performed under U.S. Army Aviation Systems Command 
Contract NAS3 25465 under the  technica l  monitorship of Daniel Pauze, U.S. Army 
Propulsion Laboratory, Cleveland, Ohio. 
This program was conducted by Sikorsky Ai rc ra f t ,  Division of United Techno- 
log ie s ,  under t h e  technica l  d i r e c t i o n  of Alphonse Lemanski, Program Manager, 
and J .  Mancini, Chief of Design and Development of Transmissions. Pr inc ipa l  
inves t iga tors  were Harold F r i n t ,  Senior Design Analyst, and Warren Glasow, 
Senior Manufacturing Research Engineer. 
Acknowledgement i s  made t o  Theodore Krenzer and James Knope of t he  Gleason 
Works, Rochester, New York f o r  t h e i r  support  and e spec ia l ly  f o r  t h e  use of t he  
Gleason-developed software package. 
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Proper and r e l i a b l e  se rv i ce  from a p a i r  of s p i r a l  bevel gears  can be 
obtained only when they a r e  manufactured accurately and mounted i n t o  prec is ion-  
machined gearbox housings t h a t  pos i t ion  and maintain t h e  d r iv ing  and dr iven 
gear members i n  a spec i f i ed  three-dimensional r e l a t ionsh ip  throughout t h e i r  
usefu l  l i f e .  Gears produced on e x i s t i n g  gear generating and gr inding equipment 
w i l l  run smoothly and car ry  t h e  design load without d i s t r e s s  i f  too th  spacing 
i s  maintained, t h e  t e e t h  a r e  machined concentric with t h e  r o t a t i n g  a x i s ,  and 
t h e  too th  p r o f i l e  contour i s  cont ro l led  so t h a t  maximum tooth  p a i r  conjugacy is  
achieved when operat ing under f u l l  load condi t ions.  
Since it is  impract ical  t o  design and f a b r i c a t e  gear t e e t h  and gear mounts 
t h a t  a r e  f r e e  from de f l ec t ions  when operating under load, most high-power gears  
a r e  designed with too th  p r o f i l e  modifications along t h e  too th  face and i n  t h e  
p r o f i l e  d i r e c t i o n  t o  compensate f o r  load-induced deformations and t o  prevent 
load concentrat ion a t  t h e  ends o r  t i p s  of t he  t e e t h  r e s u l t i n g  i n  excessive 
wear, scor ing ,  o r  even too th  breakage. 
The elemental inspect ion of too th  p ro f i l e s  t h a t  i s  commonly performed on 
spur and h e l i c a l  gears  i s  not p rac t i ca l  f o r  s p i r a l  bevel gears  because the' 
shape and size of a bevel gear too th  var ies  over i t s  face  width ins tead  of 
being constant  a s  i n  t h e  case of a spur gear .  Sp i r a l  bevel gears  a r e  
cu r ren t ly  inspected on a specif ical ly-designed Gleason test  machine, shown i n  
Figure 1, which provides a r o t a t i n g  t e s t  of t he  gear p a i r  s imulat ing no-load 
opera t ion  under ac tua l  gearbox mounting condi t ions.  Tooth contact  p a t t e r n s  
under t h e s e  r o t a t i n g  conditions can be observed by pa in t ing  t h e  t e e t h  with a 
marking compound and running t h e  gears  with t h e i r  mating master cont ro l  gears  
f o r  a few seconds i n  the  gear t e s t e r  w i t h  a l i g h t  brake load. Because of t h e  
compound curvatures  inherent  i n  t h e  s p i r a l  bevel gear t oo th  form and t h e  
p r o f i l e  modifications designed i n t o  the  too th ,  these  gears t y p i c a l l y  exh ib i t  a 
l oca l i zed  composite too th  contact  which, i dea l ly ,  should spread out under f u l l  
load, f i l l i n g  the  working area of t h e  too th  with some easing off  a t  t h e  end 
areas  of contac t .  The s i z e ,  shape, and pos i t ion  of t h i s  too th  bearing p a t t e r n  
is  a gross  ind ica t ion  of the  too th  topology both up and down t h e  too th  p r o f i l e  
and lengthwise along t h e  too th  face .  
The t a s k  of t h e  design and p r o f i l e  development phase of s p i r a l  bevel gear 
manufacture i s  t o  obta in  a loca l ized  t e s t  machine pa t t e rn  of a s i z e ,  shape, and 
loca t ion  t h a t  w i l l  produce the  des i red  f u l l  load contact  p a t t e r n  when run i n  
t h e  gearbox. The t a s k  of t he  gear production phase is  t h e  cons is ten t  dupl ica-  
t i o n  of t h i s  too th  shape during a production run and from one production run t o  
another .  
1 
Figure  1. Gleagon Tes t  Machine 
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STATE OF THE ART OF SPIRAL BEVEL GEAR MANUFACTURE 
This cur ren t  method of manufacturing primary d r i v e  s p i r a l  bevel gears  
requi res  an experienced and q u a l i f i e d  organization. I t  is  o f t e n  expressed t h a t  
t h e  development of a s p i r a l  bevel gear i s  more of an ar t  than a science.  This 
expression is  based on t h e  requirement for s k i l l e d  bevel gear  machine operators  
who must use t h e i r  background experience t o  evaluate  t h e  pos i t i on ,  shape and 
contour of t h e  gear  too th  contact  pa t te rn  produced by the  r o l l i n g  t e s t  i n  t h e  
test  machine. The machine ope ra to r ' s  judgment i s  r e l i e d  upon t o  determine what 
gr inding machine s e t t i n g  o r  combination of s e t t i n g s  is bes t  used t o  co r rec t  an 
undesirable  f ea tu re  i n  the  t e s t  pa t t e rn .  
The Gleason gear  gr inding process i s  a culmination of motions and t o o l  
paths  t h a t  generate  the  bevel gear tooth form i n t o  a cont inua l ly  varying 
noninvolute curve. Basical ly ,  t h e  Gleason gear gr inder ,  shown i n  Figure 2 ,  has 
a c rad le  t h a t  supports t h e  formed grinding wheel shown and a r a d i a l  o s c i l l a t i n g  
motion while t he  wheel moves i n  and out of t he  gear too th  space.  This c rad le  
motion i s  cont ro l led  by a generat ing cam t h a t  can be adjusted through t h e  
c rad le  angle  s e t t i n g  t o  modify t h e  r a t i o  of motion a t  one end of t h e  o s c i l l a t -  
ing a r c  i n  r e l a t i o n  t o  t h e  o ther  end. The gear t o  be ground is  mounted on a 
work holding f i x t u r e  p rec i se ly  centered t o  t h e  work sp indle  t h a t  i s  i n  constant  
r o t a t i o n a l  motion i n  a cont ro l led  ratio t o  t h e  c rad le .  The gr inding wheel i s  
mounted concentr ic  t o  the  c rad le  axis (see Figure 3 )  i n  a f ixed  r e l a t i v e  
pos i t i on  t o  the  c rad le  center  dependent upon t h e  wheel rad ius ,  t he  s p i r a l  
angle ,  and hand of s p i r a l .  The grinding wheel, i n  e f f e c t ,  a c t s  a s  a s i n g l e  
too th  of an imaginary mating generating gear .  The wheel i s  dressed automati- 
c a l l y  a t  prescr ibed s tages  i n  t h e  grinding sequence t o  maintain sur face  f i n i s h  
and p r o f i l e  accuracy. The geometry and nomenclature of a s p i r a l  bevel gear s e t  
is  shown i n  Figure 4 .  
Gleason gear gr inding machine s e t t i n g  changes involve f i r s t ,  second, and 
t h i r d  order  changes. F i r s t  order  changes a f f e c t  heel  and t o e  pos i t i on  as w e l l  
as t o p  and f lank pos i t i on .  These changes are used i n  t h e  f i n a l  pos i t ion ing  of 
t h e  t o o t h  contact  p a t t e r n .  Second order changes include b i a s  (diagonal move- 
ment) changes, p r o f i l e  changes and wheel diameter changes. Third order  changes 
include wheel d re s se r  changes and heel and t o e  length changes. There a r e  
approximately fourteen machine s e t t i n g s  t h a t  a r e  used by t h e  machine operator  
i n  f i r s t  order  changes t h a t  a f f e c t  the shape and pos i t i on  of t h e  gear too th  
p a t t e r n .  Second and t h i r d  order  changes requi re  a ca l cu la t ion  of values ,  using 
formulas provided by t h e  Gleason Works, by a gear  engineer who i s  consulted 
p r i o r  t o  making second o r  t h i r d  order  changes. 
When a new bevel gear s e t  is t o  be produced i n  quan t i ty ,  it i s  f i r s t  
necessary t o  develop" t h e  p a i r  -- tha t  i s ,  t o  determine t h e  des i red  loca t ion  
and shape of t he  too th  contact  i n  t h e  Gleason t e s t  machine t h a t  w i l l  provide a 
s a t i s f a c t o r y  f u l l  and uniform load contact pa t t e rn  when run i n  t h e  production 
gearbox a t  t h e  power and speed expected i n  se rv i ce .  This i s  cu r ren t ly  accomp- 
l i shed  by a t r i a l  and e r r o r  process.  The gear  t e e t h  are f i r s t  semi-f inish cut  
t o  size on a Gleason bevel gear  generator (See Figure 5). The gear member of 
t h e  p a i r  i s  then set up i n  a Gleason bevel gear gr inder  (Figure 2)  t o  t h e  c a l -  
cu la ted  but unconfirmed machine se t t i ngs  provided by a Gleason gear summary. 
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Figure 2. Gleason Bevel Gear Grinder 
I f- Cradle 
1 Imaginary Generating Gear 
A = Mean Cone Distance 
$ = Mean S p i r a l  Angle 
rc = Cut te r  Radius 
p = Eccent r i c  Angle 
V = V e r t i c a l  Distance o f  Cut te r  
Center frm Cradle Center 
H = Hor izon ta l  Distance o f  Cut te r  
Center f rom Cradle Center 
S = Radial  Distance o f  Cut te r  
Center from Cradle Center 
KZ = Machine Eccent r i c  Constant 
= Basic Cradle Angle 
\Eccent r i c  P i v o t  
Figure 3. Grinding Machine Geometry 
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Figure 4. Bevel Gear Nomenclature 
This summary cons i s t s  of approximately t h i r t y  machine s e t t i n g s  f o r  each s i d e  of 
t h e  too th .  The gear  member is ground "spread blade" (both concave and convex 
s ides  ground a t  t h e  same t ime) .  The pinion member i s  s e t  up and ground i n  t h e  
gr inding machine t o  t h e  unconfirmed pinion s e t t i n g s  ind ica ted  on t h e  summary. 
The pinion is  usua l ly  ground "s ingle  side" so  t h a t  a separa te  s e t  up is r e -  
quired f o r  both t h e  concave and t h e  convex s ide .  
After  t he  gears  a r e  ground, they are i n s t a l l e d  i n  a Gleason universa l  t e s t  
machine (Figure 1) t h a t  is s e t  up using prec is ion  gage blocks o r  s e t  up gages 
t o  t h e  t h e o r e t i c a l  gear mounting dis tance.  Using prec is ion  work holding 
equipment, t h e  gear  and pinion a re  mounted i n  the  same r e l a t i v e  pos i t i on  t o  
each o the r  as  they w i l l  be i n  when run in t h e  ac tua l  t ransmission gearbox. The 
test machine a l s o  allows ca l ib ra t ed  adjustments along t h e  gear cone a x i s ,  along 
t h e  pinion cone a x i s ,  and i n  the  ve r t i ca l  o f f s e t  d i r ec t ion .  
The gear and pinion a r e  r o l l e d  together i n  t h e  t e s t  machine a t  a pre-  
determined l i g h t  brake load (approximately 100 in - lbs  of torque)  appl ied 
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Figure 5. Gleason Bevel Gear Generator 
through the p in ion  sp ind le .  P r io r  t o  running, t h e  gear  and p in ion  t e e t h  a r e  
pa in ted  with a gear  marking compound ( s imi l a r  t o  j ewe le r ' s  rouge) t h a t  produces 
a r o l l i n g  contac t  p a t t e r n  on t h e  gear  and pinion f lanks  due t o  t h e  su r face  
contac t  between t h e  mating t e e t h  and wearing away of t h e  marking compound. 
Typical contact p a t t e r n s  a r e  shown i n  Figure 6 .  
The gears ground t o  t h e  undeveloped summary s e t t i n g s  a r e  then i n s t a l l e d  i n  
a test gearbox and run under a spectrum of load and speed. The observed 
composite gear contac t  p a t t e r n s  a r e  a f i n a l  i nd ica t ion  of t h e  a c c e p t a b i l i t y  of 
t h e  manufactured too th  p r o f i l e  shape. 
I f  the too th  p r o f i l e  contac t  does no t  meet t h e  des i r ed  shape loca t ion  and 
percentage of contac t  required by the  a p p l i c a t i o n ,  t h e  gears  a r e  disassembled 
f o r  regr inding.  The usua l  p r a c t i c e  i s  t o  r eg r ind ,  o r  develop, only t h e  p in ion  
member because it takes  l e s s  machining time (due t o  fewer t e e t h ) ,  and because 
of t h e  Gleason system convention f o r  s i n g l e  s i d e  gr inding  of t h e  p in ion .  A t  
t h i s  po in t  a gear  engineer  conducts an analyses  of t h e  dynamic load p a t t e r n ,  
eva lua tes  the  Gleason t e s t  machine no-load contac t  p a t t e r n s ,  and makes a 
judgment as t o  what changes a r e  requi red  on t h e  p in ion  too th  t o  improve t h e  
dynamic load p a t t e r n .  To a s s i s t  t h e  gear  engineer  i n  determining what move o r  
6 ORIGINAL PAGE IS 
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correct ion t o  t h e  Gleason gr inding machine s e t  up i s  most appropr ia te ,  t h e  
pinion cone ax is  and t h e  v e r t i c a l  o f f s e t  i n  the  t e s t  machine i s  adjusted t o  
change the p a t t e r n  s i z e  and loca t ion .  These adjustments provide an ind ica t ion  
t o  t h e  gear engineer as  t o  what gr inding machine s e t t i n g  w i l l  be most e f f e c t i v e  
i n  changing the  p a t t e r n .  In  most cases  it takes a combination of two o r  more 
moves t o  cor rec t  a p a t t e r n ,  and more than one combination may produce s imi l a r  
r e s u l t s ,  b u t  always, one combination is  more appropriate .  
The pinion is reground t o  the  new adjusted s e t t i n g s  and t h e  t e s t i n g  pro- 
cess  repeated. The number of i t e r a t i o n s  necessary t o  obtain a s a t i s f a c t o r y  
gear p ro f i l e  depends upon t h e  s k i l l  and experience of t he  t e s t  machine opera tor  
o r  t h e  gear engineers .  This judgment process i s  probably the  weakest l i n k  i n  
gear tooth p a t t e r n  development, even with experienced machine opera tors .  
Once t h e  development i s  complete, severa l  s e t s  of cont ro l  gears a r e  made 
t h a t  dupl icate  the  newly developed p a i r  a s  p rec i se ly  as poss ib le .  These master 
con t ro l  gears a r e  used t o  inspect  t h e  production gears .  They a r e  run i n  t h e  
Gleason t e s t  machine aga ins t  each mating gear subsequently produced by t h e  
f i n a l  machine s e t t i n g s  t o  v i s u a l l y  inspect  t he  contact  pa t t e rns  aga ins t  those  
obtained for the  developed master gear p a i r  i n  order  t o  assure  maintenance of 
uniform qual i ty .  
The production process cont ro l  f o r  s p i r a l  bevel gears i s ,  i n  e f f e c t ,  a 
miniature development process except t h a t  t he  changes required t o  keep a 
d r i f t i n g  contact pa t t e rn  s i t u a t i o n  under cont ro l  a r e  more s u b t l e  and involve 
t h e  v isua l  comparison of a production gear pa t t e rn  with t h e  es tab l i shed  master 
gear pa t te rn  and the  necessary co r rec t ive  changes t o  keep the  two i n  agreement. 
The qua l i t y  cont ro l  process described above has c e r t a i n  inherent  d i s -  
advantages. F i r s t  t he  acceptance o r  r e j e c t i o n  of a production gear i s  based 
upon a visual  comparison of too th  contact  p a t t e r n s .  Not only t h e  s i z e  of t h e  
p a t t e r n ,  but  i t s  shape and loca t ion ,  a r e  s i g n i f i c a n t .  Acceptance l i m i t s  f o r  
these  features  a r e  d i f f i c u l t  t o  def ine  q u a n t i t a t i v e l y ,  therefore  t h e  accept/  
r e j e c t  decision becomes a sub jec t ive  one and i s  subjec t  t o  the  human f r a i l t i e s  
of t h e  operator.  Second, t h e  s i z e ,  shape and loca t ion  requirements of t h e  
too th  contact pa t t e rn  a r e  pecu l i a r  t o  each gear mesh and gearbox mounting and 
no pa r t i cu la r  a rea ,  shape, o r  pos i t i on  can be considered un ive r sa l ly  i d e a l .  
Third,  since the  too th  contact  i s  loca l ized  and t e s t e d  under a very l i g h t  load, 
it is necessary t o  determine not only t h a t  s a t i s f a c t o r y  contact  pa t t e rns  are 
obtained when the  gears a r e  mounted i n  t h e i r  equivalent  running pos i t i on  i n  t h e  
gear t e s t e r  but t o  what ex ten t  t h i s  p a t t e r n  is  changed by a x i a l  and r a d i a l  
movements of the  pinion a x i s ,  with respec t  t o  the  gear a x i s ,  t h a t  would move 
t h e  pa t te rn  t o  t h e  l i m i t s  of t h e  too th  contact  zone. This i s  known throughout 
t h e  industry as t he  V and H check. By comparing p a t t e r n s  a t  t hese  extreme V 
and H s e t t i ngs ,  a cursory check on lengthwise and p r o f i l e  curvatures  i s  main- 
t a ined .  I t  should be noted t h a t ,  i n  some cases ,  it is  impossible t o  extend t h e  
contact  t o  t h e  extreme corners of t h e  too th  by t h i s  method. 
I t  i s  apparent from the  above d iscuss ion  t h a t  t h e r e  i s  a d e f i n i t e  need f o r  
a more d e f i n i t i v e  and objec t ive  way of determining whether a bevel gear p r o f i l e  
i s  acceptable and what s p e c i f i c  changes a r e  necessary i n  the  gr inding machine 
s e t t i n g s  to most e f f i c i e n t l y  br ing  an e r r a n t  p a t t e r n  s i t u a t i o n  under cont ro l  
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before  it ge t s  too far out of hand. I t  i s  important t o  con t ro l  t h e  too th  
p r o f i l e  on highly loaded gears t o  within r a t h e r  narrow l i m i t s .  A too th  p r o f i l e  
with excessive p r o f i l e  e r r o r  w i l l  r e su l t  i n  concentrat ions of load t h a t  could 
cause scuf f ing ,  p i t t i n g ,  o r  even too th  breakage. 
The automated inspect ion and precis ion gr inding procedures developed i n  
t h i s  program, u t i l i z i n g  an automated multi-axis coordinate measuring machine, 
w i l l  s a t i s f y  t h i s  need fo r  q u a n t i t a t i v e  evaluat ion of a s p i r a l  bevel gear t oo th  
p r o f i l e  i n  physical  and measurable geometric terms without r e s o r t i n g  t o  sub- 
j e c t i v e  v i s u a l  comparisons of too th  contact pa t t e rns .  
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DEVELOPMENT OF A FINAL INSPECTION METHOD 
Bevel Gear Se lec t ion  
The production s p i r a l  bevel gear s e t  s e l ec t ed  f o r  study i n  t h i s  program is 
one of t h e  primary d r ive  gears of t h e  BLACK HAWK he l i cop te r  shown i n  Figure 7 .  
The BLACK HAWK is t h e  Army's advanced twin engine t a c t i c a l  t r anspor t  he l i cop te r  
manufactured by Sikorsky t o  perform t h e  missions of a s s a u l t ,  resupply,  medical 
evacuation, command and c o n t r o l ,  and t a c t i c a l  pos i t ion ing  of reserves .  Two 
GE-T700 turboshaf t  engines de l iver  1 , 5 6 0  horsepower each t o  t h e  BLACK HAWK 
d r i v e  system. The main transmission, shown in  Figure 8 ,  cons i s t s  of a main 
module, two interchangeable  input modules, and two interchangeable  accessory 
modules. The main transmission transmits 2 , 8 2 8  maximum continuous horsepower 
with an input speed of 20 ,900  RPM. 
Figure 7. BLACK HAWK Utility Helicopter 
The main module gear s e t  selected fo r  eva lua t ion  is  shown h ighl ighted  i n  
Figure 9 and i n  c lose  up i n  Figure 1 0 .  This primary d r ive  s p i r a l  bevel se t  has 
a speed reduct ion r a t i o  of 4 . 7 6  and r o t a t e s  a t  an input speed of 5 , 7 4 8  RPM. I t  
t ransmi ts  1,414 horsepower each on a continuous b a s i s  and has a s i n g l e  engine 
capac i ty  of 1 , 5 6 0  HP. 
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Figure 8. BLACK HAWK Drive Train 
This gear set was chosen fo r  t h i s  study because of i t s  s e n s i t i v i t y  t o  
small changes i n  gr inding machine s e t t i n g  which l ed ,  a t  one t ime, t o  excessive 
r e j e c t i o n  r a t e s  due t o  t h e  presence of  hard contact  l i n e s  and scoring when 
operated i n  the  gearbox during ATP (Acceptance Test  Plan) t e s t i n g .  The so lu-  
t i o n  t o  t h i s  problem was: 
Tighter  to le rance  l i m i t s  f o r  the  evaluat ion of t h e  contac t  pa t t e rn  i n  
t h e  Gleason t e s t  machine. 
0 Res t r i c t ion  of grinding machine s e t t i n g  changes used t o  ad jus t  
p a t t e r n .  
Improving shimming p rac t i ces  during i n s t a l l a t i o n .  
The lessons learned during the  inves t iga t ion  and cor rec t ion  of these  problems 
were : 
A l l  master gears a re  not the same. Variat ions do e x i s t  i n  master 
gears t h a t  a r e  not apparent when checking a production gear .  
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Figure 9. BLACK HAWK Main Gearbox 
Figure 10. Selected Bevel Gear Set 
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Roll ing contact  pa t t e rns  a r e  a f f ec t ed  by 
wear of master gear p r o f i l e .  
marking compound appl icat ion.  
t h e  braking load used during t h e  r o l l i n g  tes t .  
Highly s t r e s s e d  bevel gears can be extremely s e n s i t i v e  t o  p a t t e r n  
va r i a t ions .  
Test  Gear Specimens 
The gear t e s t  specimens f o r  t h i s  program a r e  shown i n  Figures 11 and 12 .  
These specimens dup l i ca t e  the  ac tua l  production gear s e t  shown i n  Figure 10 i n  
t h e  e s s e n t i a l  d e t a i l s  with respect  to  gear  too th  geometry and f i x t u r i n g  
dimensions. Non-essential  d e t a i l s  such as s p l i n e s ,  th reads ,  case hardnesses,  
e tc . ,  have been el iminated.  The basic  design f ea tu res  of t h i s  gear s e t  a r e  
shown below. 
Pinion Gear 
No. of Teeth 1 7  81 
Dia. P i t ch  4.108 
Shaft  Angle 81.85' 
Sp i r a l  Angle 25 
Face Width 2 . 5 6  
RPM 5748 1206 
HP 15 16 
Pressure Angle 20° 
To accomplish the  t a sks  i n  t h e  time a l l o t t e d  i n  t h e  program schedule,  
f ab r i ca t ion  of t h e  gear t e s t  specimens needed f o r  t h e  s e n s i t i v i t y  s tudy of 
Phase I1 was i n i t i a t e d  i n  t h i s  phase. Machining of t h e  t e s t  gear blanks was 
taken up t o  t h e  poin t  of f i n a l  grinding of t h e  gear  t e e t h .  F ina l  gr inding of 
t h e  gear t e e t h  with deviat ions from the base l ine  s e t t i n g s  was accomplished i n  
t h e  Phase I1 development of an in-process inspec t ion  technique. 
Universal  Multi-Axis Coordinate Measuring Machine 
When checking t h e  topology of a th ree  dimensionally curved su r face ,  such 
as a s p i r a l  bevel gear too th  f lank,  using computer-controlled mul t i -ax is  
measuring machines, t h e  following requirements must be met: 
The nominal o r  reference surface must be expressable e i t h e r  as a 
mathematical model o r  a s  a matrix of d i s c r e t e  coordinate  values 
represent ing t h e  des i red  surface.  
The ac tua l  sur face  must be measurable with prec is ion  accuracy i n  a 
reasonable period of time. 
Quant i ta t ive  comparison of the ac tua l  and nominal too th  sur faces  i s  
poss ib le .  
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Figure 11.  Pinion Test Specimen 
The causes of any deviat ions from nominal values  must be i n t e r p r e t -  
able  t o  permit co r rec t ive  gr inding machine s e t  up when t h e  devia t ions  
exceed spec i f i ed  to le rance  l i m i t s .  
The Zeiss Universal  Measuring Machine Model UMM500 shown i n  Figure 13 
s a t i s f i e s  t h e  above requirements and o f f e r s  an e f f e c t i v e  so lu t ion  t o  t h e  
problem of s p i r a l  bevel gear too th  measurement. The UMM500 is an accura te  
mult i -axis  coordinate  measuring machine with an in t eg ra t ed  Hewlett Packard 
computer system t h a t  permits unlimited s p a t i a l  probing i n  any of t h e  t h r e e  
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Figure 13. Zeiss UMM 500 Measuring Machine 
orthogonal d i r e c t i o n s .  This machhe, i n  conjunction with a soph i s t i ca t ed  3 D  
so f tware  package, provides a d i s t i n c t  and q u a n t i t a t i v e  means of measuring and 
mapping t h r e e  dimensional surface contours.  In  order  t o  accommodate t h e  
complex s u r f a c e  of t h e  s p i r a l  bevel gear t o o t h ,  a p rec i s ion  indexing t a b l e ,  
shown i n  Figure 14, was added as the 4 th  a x i s  i n  gear measuring programs, The 
computer program packet f o r  gear measurement permits t h e  determination of t h e  
f a c e  p r o f i l e  coordinates  of s p i r a l  bevel t e e t h  a t  an almost unlimited number of 
probe poin ts  on t h e  too th  su r face  and a poin t  by poin t  comparison with s to red  
nominal r e fe rence  va lues .  
The UMM-500 was de l ive red  with t h e  model HP 9825 desk computer. The 
sof tware package purchased with the  measuring machine included t h e  UMESS 
program; which is  a un ive r sa l  measuring program appl ied t o  t h e  dimensional 
measurement of  p l anes ,  spheres ,  cy l inders ,  and cones; and t h e  RAM2 which i s  a 
s p e c i a l  purpose s p i r a l  bevel gear measurement program with misalignment 
compensation on t h e  ro t a ry  t a b l e .  
P r io r  t o  t h e  i n i t i a t i o n  of Phase 11, i t  was discovered t h a t  t h e  Gleason 
Works was us ing  a HP 9836 computer system with t h e i r  Zeiss machine, and t h e  
sof tware t h a t  they had developed, and were supplying t o  Sikorsky, f o r  use i n  
Phase I1 was not  compatible with t h e  i n s t a l l e d  Sikorsky system. This discovery 
Figure 14. Gear Member on Indexing Table 
n e c e s s i t a t e d  a r e t r o f i t  of t h e  HP 9825 computer system t o  convert  it t o  t h e  HP 
9836 system. In  t h i s  new system, t h e  COMET program replaces  t h e  UMESS program. 
The Gleason-developed program o r i g i n a l l y  c a l l e d  t h e  G-MET program performs t h e  
s p i r a l  bevel gear  measurements previously handled by t h e  RAM2 program, and 
a d d i t i o n a l l y  contains  t h e  c o r r e c t i v e  f ea tu re  which c a l c u l a t e s  t h e  necessary 
gr inding machine s e t t i n g  changes required t o  c o r r e c t  t h e  p r o f i l e .  
The f i n a l  automatic measuring and d a t a  processing system developed, 
c o n s i s t s  of s eve ra l  instruments (Figure 13) ,  which a r e  con t ro l l ed  by a c e n t r a l  
computer. The system shown includes Hewlett Packard 9836 Desk Top Computer, 
Zeiss UMM500 Universal  Measuring Machine, H e w l e t t  Packard 98658 Cassette 
Memory, H e w l e t t  Packard 9862A X-Y P l o t t e r  and Impact Line P r i n t e r .  During 
measurement, information i s  constant ly  being t r a n s f e r r e d  between t h e  c e n t r a l  
processor  and t h e  var ious pe r iphe ra l s  (measuring machine and p l o t t e r )  working 
cont inuously.  Both of t h e s e  devices are permitted only very s h o r t ,  process-  
dependent ope ra t ing  pauses,  i n  p a r t i c u l a r  a 1-second s t a b i l i z a t i o n  per iod f o r  
t h e  measuring machine a f t e r  con tac t .  During t h e  pause a f t e r  probing, t h e  
computer prepares t h e  information required f o r  t h e  next measuring po in t  
(coordinate  t ransformations,  choice of con tac t ing  d i r e c t i o n  and determinat ion 
of t h e  probe approach path)  and processes t h e  measurement values of t h e  
previous p o i n t ,  i n i t i a t i n g  p l o t t i n g  and p r i n t i n g  procedures. 
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This Zeiss UMM500 measurement system has an even broader c a p a b i l i t y  t h a t  
f u r t h e r  enhances i t s  use i n  the  manufacture and inspect ion of s p i r a l  bevel 
gears .  I n  addi t ion  t o  measuring t h e  su r face  topology of the  too th  su r face ,  it 
can a l s o  measure: 
Tooth t o  too th  spacing e r r o r s  (p i t ch  va r i a t ions )  
Accumulated spacing e r r o r s  (index va r i a t ions )  
Chordal too th  thicknesses  
Face angle 
Root angle 
Back and f ron t  angles 
Whole depth 
Face width 
Root and f i l l e t  r a d i i  
A l l  of t he  above values can be programmed t o  be automatical ly  measured and 
recorded on a hard copy p r i n t  ou t .  
Master Gear Data 
A s  was previously discussed,  the  too th  p r o f i l e  of t h e  master cont ro l  gear 
represents  t h e  des i red  too th  contour produced by t h e  final-developed bevel gear 
gr inding  machine s e t t i n g s  and is  the  reference gear  t o  which a l l  production 
gears  a r e  u l t imate ly  compared. In  t h e  Sikorsky production system, t h e r e  a r e  
t h r e e  levels  of master cont ro l  gears .  T015s a r e  Reference Master Control gears 
which a r e  used only t o  check the  Inspect ion Control Master Gears (T84s). The 
T84s a r e  used i n  t u r n  only t o  check t h e  Working Control Master Gears (T199s) 
which a r e  used fo r  t he  in-process and f i n a l  inspec t ion  of production gears .  
The master cont ro l  gears  used i n  t h i s  study a r e  t h e  h ighes t  l eve l  o r  T015s. 
Before proceeding t o  the  coordinate  measurement process ,  t h e  master 
con t ro l  gears for t h e  se lec ted  gear s e t  were set  up i n  t h e  Gleason test  
machine, run toge ther ,  and contact  pa t t e rns  recorded f o r  t h e  following s e t  ups: 
Standard center  pos i t i on  
Toe pos i t i on  
Heel pos i t i on  
The taped pa t t e rns  were taken a t  four too th  pos i t i ons  (approximately 
evenly spaced) on the  pinion and a t  e igh t  too th  pos i t i ons  on t h e  gear .  The 
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The F ina l  Inspect  ion Measurement Process 
The objec t  of any gear measurement system i s  t h e  comparison of t h e  ac tua l  
manufactured s p i r a l  bevel gear surface topology with an idea l i zed  su r face ,  i n  
t h i s  case represented by a "hard" master cont ro l  gear .  The computer-controlled 
measuring machine uses the  coordinates of t h i s  nominal or reference sur face  as  
a guide f o r  probing and comparing the  ac tua l  gear sur face .  
Determination of Nominal Values 
The s implest  method f o r  determining the  nominal points  on a gear  too th  
f lank  is  d i g i t i z a t i o n  of t h e  Reference Master Control Gear. The measuring 
machine i s  made t o  probe ac tua l  points on t h e  f lank of a master gear  t oo th ,  a s  
described below, f o r  s torage  on a magnetic c a s s e t t e  tape.  This tape ,  i n  
e f f e c t ,  becomes t h e  unvarying "sof t"  master i n  t h i s  improved inspec t ion  method. 
Special ized software permits rapid generation of an evenly d i s t r i b u t e d  poin t  
network over t h e  too th  p r o f i l e  a f t e r  manual probing of t he  corner po in t s  and 
def in ing  t h e  network dens i ty .  Care was taken t o  exclude t h e  edge breaks o r  
corner rounding when e s t ab l i sh ing  the  corner po in ts .  The vector  of t h e  su r face  
normal a t  each network poin t  i s  determined mathematically from seve ra l  auto- 
mat ica l ly  probed poin ts  i n  the  near v i c i n i t y  of t h e  spec i f i ed  po in t .  (See 
Figure 16.)  These normalized values a r e  s tored  on the  tape along with t h e  
coordinate  values .  A network of 45 poin ts  (a  9 by 5 matrix) was chosen f o r  
t h i s  s tudy because it was f e l t  t h a t  t h i s  s i z e  g r i d  would provide an adequate 
map of t h e  too th  sur face  without resor t ing  t o  in t e rpo la t ion .  Finer  o r  coarser  
g r ids  a r e ,  of course,  poss ib le .  
Adjacent Points . with Radius R 
Figure  17. Generation o f  Network Po in ts  
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Even though s p i r a l  bevel gears  possess a high degree of geometric com- 
p l ex i ty ,  i t  is f e a s i b l e  t o  expect t h a t  t he  nominal sur face  can be a l s o  gener- 
a ted numerically by computer s imulat ion of t h e  manufacturing process .  This ,  i n  
f a c t ,  w a s  accomplished by t h e  Gleason Works who provided a s s i s t ance  t o  Sikorsky 
Ai rc ra f t  i n  t h i s  e f f o r t .  Gleason provided the  software,  t h a t  converts f i n a l  
gr inding machine s e t t i n g s ,  a s  r e f l e c t e d  on a Gleason Grinding Summary, i n t o  
p r o f i l e  coordinate points  which a r e  s tored  i n t o  the  UMM500 computer as  nominal 
values.  This method permits more freedom i n  the  choice of t he  form and dens i ty  
of t he  point network and provides a more t h e o r e t i c a l  base l ine  than t h e  measured 
master gear values ,  which themselves a r e  subjec t  t o  manufacturing e r r o r s .  A n  
evaluat ion of both methods was made i n  t h i s  program by d i r e c t  comparison of t h e  
nominal values,  f o r  a 45 poin t  network, ca lcu la ted  by d i g i t i z a t i o n  of t h e  TO15 
master gear on t h e  UMM500 and by mathematical simulation of t h e  too th  su r face  
accomplished by t h e  Gleason G-Age Program. 
The Measurement Process 
The f ina l  inspect ion process consis ted of s e t t i n g  up t h e  gear  i n  t h e  Zeiss 
machine and automatical ly  probing the  sur face  a t  t he  45 network poin t  loca- 
t i o n s .  To accomplish t h i s ,  t h e  gear  was mounted on the  coordinate measuring 
machine indexing t a b l e  with i t s  ax is  p a r a l l e l  t o  t he  2 axis  of t h e  machine (see 
Figures 14 and 18), care  being taken not t o  deform it while clamping. P a r t  
alignment was achieved by br inging the  probe i n t o  contact  a t  a s e r i e s  of po in ts  
on a reference diameter t o  e s t a b l i s h  t h e  loca t ion  of t he  Z ax is  of t h e  gear  i n  
r e l a t i o n  t o  t h e  machine ax i s .  The reference coordinate system f o r  t h e  nominal 
da t a  f o r  the bevel gear was then located along the  gear a x i s .  Any des i red  zero  
point  can be se lec ted  along t h i s  ax i s .  In  order  t o  determine t h e  angle of 
r o t a t i o n  of t he  gear ' s  po lar  coordinate  system r e l a t i v e  t o  t h e  machine's 
coordinate  system, a known point  on t h e  too th  f lank was contacted and t h e  
devia t ion  of t h i s  point  from nominal s e t  t o  zero.  
When measuring, t he  compound curved sur faces  of s p i r a l  bevel gears ,  t h e  
continuous probing'' mode of t h e  Zeiss system was found t o  be p a r t i c u l a r l y  
b e n e f i c i a l .  The machine followed the  contour of t h e  p a r t  i n  a predetermined 
d i r e c t i o n  i n  t he  same manner as  t h e  follower head on a 3 - D  copy m i l l .  The 
automatic posi t ioning cont ro l  t h a t  is actuated a t  probe contact  scanned t h e  
f r e e  ax i s  of t h e  machine u n t i l  t h e  induct ive measuring system i n  t h e  probe head 
was brought t o  its n u l l  po in t .  The moment t h i s  condi t ion i s  achieved a l l  t h r e e  
machine coordinates a r e  automatical ly  t ransmi t ted  t o  t h e  computer, t he re fo re ,  
t he  probe can be locked i n  the  X ax i s  and be made t o  t r ave r se  t o  predetermined 
loca t ions  i n  t he  Y ax i s ,  while automatical ly  following contour changes of t h e  
p a r t  i n  t h e  Z a x i s ,  and t h e  machine w i l l  remain a t  a prese lec ted  X-Y loca t ion  
u n t i l  t h e  probe has been nul led  i n  t h e  Z d i r e c t i o n  and the  pos i t i on  information 
t ransmi t ted  t o  t h e  computer. 
' 1  
I t  then proceeds t o  t h e  next X-Y loca t ion .  
The tooth f lanks were measured i n  CNC mode. Nominal po in t s  on t h e  network 
were loaded from t h e  magnetic t ape  c a s s e t t e  i n t o  core  memory and transformed 
i n t o  machine coordinates .  The computer kept t r a c k  of t he  momentary pos i t i on  of 
t he  probe and determined t h e  path t o  t h e  next po in t .  The measured deviat ions 
from t h e  nominal sur face  were determined along t h e  projected sur face  normals. 
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ORIGINAL P!-CE IS 
OF POOR QUALIm 
F i g u r e  18. P i n i o n  Set Up i n  UMM 500 
Measurement Resul t s  
I n  t h i s  s tudy a p a r t i c u l a r  t oo th  on t h e  master p in ion  was designated as  
t h e  r e fe rence  master t oo th .  The coordinates on t h e  d r i v e  s i d e  of t h i s  p a r t i c u -  
l a r  t oo th  were measured a t  t h e  45 network loca t ions  covering t h e  e n t i r e  working 
p r o f i l e  of t h e  t o o t h .  These coordinates became t h e  nominal va lues  f o r  t h e  
master p in ion  and were s to red  i n  t h e  computer as  t h e  r e fe rence  coord ina tes .  A 
s i m i l a r  procedure was used t o  determine the  nominal values  f o r  t h e  master gear .  
Using t h e  same s e t  up i n  t h e  coordinate measuring machine, t h e  t o o t h  p r o f i l e s  
of a d d i t i o n a l  t e e t h  on t h e  master pinion and gear  were measured and compared 
with t h e  nominal va lues .  Note, t h e  same t e e t h  on t h e  master p in ion  and gear  
f o r  which taped p a t t e r n s  previolisly recorded i n  t h e  Gleason gear  t e s t e r  were 
used i n  t h i s  measurement process .  
The r e s u l t s  of t h e s e  measurements a r e  shown i n  t h e  three-dimensional  g raph ica l  
p l o t s  i n  Figures  19  and 20, and i n  Tabular form i n  Tables 1 and 2 f o r  p in ion  
and gear  r e spec t ive ly .  The d i g i t a l  p r in t  ou t  l oca t e s  each g r i d  p o i n t  by column 
and row number. For each g r i d  p o i n t ,  t h e  X ,  Y and Z coord ina te  va lues  a r e  
l i s t e d  a s  wel l  as  t h e  x ,  y ,  and z deviat ions from t h e  s t o r e d  nominal va lues .  
The l a s t  column i n  t h e  p r i n t  out  i s  t h e  dev ia t ion  i n  t h e  s u r f a c e  normal dimen- 
s i o n  and i s  t h e  value p l o t t e d  i n  Figures 19  and 20 .  The t abu la t ed  values  a r e  
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F igure 19. Zeiss Measurements o f  Master P i n i o n  
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Figure 20. Zeiss Measurements o f  Master Gear 
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TABLE 1 .  Z E I S S  MEASUREMENTS OF MASTER P I N I O N  
DRAWING NO I PART NO I ORDER NO I SIJPPI-IER/CI.IGTOMER I OPERATTON 
2-08104-45 I T -015 I NA I SIKORSKY I I N S P  Fl..ANK 
OPERATOR I DATE 
0 ' DONNELL I 23Nou1982 .- - - -. .... -------- ---_-_---.-_________"..I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - I... - -----_---_-__------ I-- _______-._.________-._________ -.-..--------... ------- 
I DX I DY I DZ 
- C l L l  X I Y I 2  
ALIGNMENT MODE n 
TOOTH 1 F'LANK 1 
1 1 37.8475 0.6246 76.7222 o , o o n n  - 0 . o n n 7  n . o n n i  - 0 .  o n 0 7  
1 4 40.9568 -0.4978 77.1169 o . o o i n  o . o o n 3  - n . o n n o  0 .  nono 
1 5 42.0743 -1,1033 77.2623 o o o n h  0 ,  non'i n ,  0 0 0 3  o.non7 
1 2 38.7958 0,3886 76.8361 o - o o n z  - o , o n n i  n . o n n 3  0.0000 
1 3 39,8687 -0.0003 76.9773 0.0012 - o . o n n i  - n . o n n o  0 , 0 0 0 2  
2 1 39.1630 2.9321 69.2216 o.oon4 -0.oon3 - n , o n o 2  -0,0003 
2 2 40.1865 2.7347 69.3548 o . o o n 5  - o . o o n i  o . o n n 2  n . o o n 1  
2 3 41,3306 2,3827 69.5091 0 ,  0009 - n u  o o n o  n ,  o n n i  0 ,  no02  
2 4 42!.5179 1,9170 69.6708 -o . o o n z  0 ,  onn2  n ,  o n n i  o . o o n i  
2 5 43.7239 1,3375 69.8314 o a o o n i  0 .  0004 - 0 ,  onnp 0.0003 
3 1 40.29hl 5,6532 61.7142 0 ,  oon2  - 0 ,  oonz  - n , o n n i  - 0  I ooo3 
0 I n o 0 1  
3 3 42.6168 5.2096 h??.0440 0 .  on09 0 .  nnnx  n .  o n o n  0 .  0 0 0 4  
3 4 43.8960 4.7860 ~ Z . ~ P X I  0 .  on07 0 ,  onnp - 0 ,  onnn 0 .  n o n 4  
3 5 45,2063 4.2540 62.41142 - o . o n n i  o . o n o 3  n . o n n 3  0 .  oooa 
3 2 41.3856 5 , 5 0 6 5  61.8hRS 0 .  o o n z  0 ,  o n n n  n .  o n n i  
4 1 41.1635 8.7839 54.213h - o . o n n i  - o . o n o ?  -n.onn4 -0.0003 
4 2 42,3422 8.7047 54.3884 o . o n n h  - o . o o n n  n u o n o h  0. 0003 
4 3 43.6589 8.4708 54.5811 o.ooo;!  - o . o n n i  - n . o n n i  - 0 .  I1001 
4 4 45.0240 8.1173 54.7784 0.0007 -o.onn;! - n . o n o 3  - 0 1 11 0 0 2 
4 5 46.4400 7.6394 54.9754 - o . o o n z  o . o o n ~ 1  -n.onnp 0.0005 
5 1 41 -7375 12.3184 46,7132 0 .  n o o n  . - o s  o o n z  0 ,  o n n z  - 0 .  n o o i  
5 2 42.9710 12.3150 46,9050 0 .  oni;! 0 ,  oon;! n o n n 3  u .  onoa 
5 5 47.3491 11.4983 47.5481 o.oon2 o . o o n ~ ,  - o . o n n o  0 .  n o 0 4  
5 3 44.3695 12.1694 47.1180 0 .  o n o 3  o I o o n 3  - 0 ,  o n n i  0,0002 
5 4 45.8338 11.8926 47.3332 - o , o o n i  oIoon4 o I o n o n  O I O O O 3  
6 1 41.8922 16.2277 39.2155 o . o o n 1  - O . O O I I ~  - n . o n n i  -0.0000 
6 2 43.1926 16.3270 39.4244 o . o o n R  o . o o n 3  o.oon3 0.0004 
6 3 44,6727 16.2762 39.6557 o . o o n 5  -0.oon2 - n . o n n i  -0,0003 
6 4 46.2238 16.1048 39.8891 o . o o n 4  o . o o n 2  - n . o n o z  0.0001 
6 5 47.8443 15.8048 40.1230 0 ,  0007 0 ,  o o n o  0 ,  o n 0 2  0.0002 
7 1 41.5628 20.4878 31.7149 o . o o n z  - 0 , 0 0 0 5  o . o o o i  -0,0004 
7 2 42.,9199 20.6972 31.9465 0,0004 o I o o o 5  o . o n 0 1  0.0004 
7 4 46.1087 20.7159 32.4453 o . o o o 6  - n , o o n 3  -n.onn:! -0.0004 
7 3 44.4672 20.7732 32.1954 o , o o n 3  o.oon7 - o . o n n i  0 * 0005 
7 5 47.8286 20.5417 32,7001 0 ,  o o n 5  0 ,  on07 0 .  oon;! 0 .  non7 
8 1 40.6611 25.0574 24.2153 - 0 ,  oonn - 0 ,  OPOL - n , o o o o  . - 0 . o o 0 1  
26 
TABLE 1. (Cont'd) 
9 1 39.0643 29.8595 16.7170 - 0 .  onoh o I 0003 0 ,  o o n n  0 I 0 0 I) 5 
9 2 40.5011 30.3445 16.9904 0 . 0 0 0 3  o,ooo7 -n.ono;! 0 .  no03 
9 3 42,1535 30.7141 17.2747 o I oonh 0.0007 0 ,  on02 0 .  no05 
9 4 43.9291 30.9677 17.5638 0.0004 o . o o i o  - o . o o o i  o.non7  
9 5 45.8174 31.0999 37.8564 o I onn5 o oonn 0 .  o n n i  0 .  noot ,  
TOOTH 5 FLANK i 
1 I 37.8475 0.6272 76.7222 - o I o o n 2  0 ,  o n x H  o I o n 0 2  0 I 0 0 'I E) 
1 2 38.7958 0.3901 76.8361 0.  o n 0 6  0 ,  on14 . - o .  o o o z  0. nn.14 
1 3 39.8687 0.0007 76.9773 0 , 0 0 0 3  0 ,  oni;! . - n e  o n 0 0  o . n o i t  
1 4 40.9568 -0.4985 77.1169 0 .  onnh - 0 ,  o n n 3  n I o n n x  
1 5 42.0743 -1.1039 77.2623 o I 0 0 0 5  0 .  o o n o  0 ,  o n n i  0 .  uon3 
- 0 . 0 0 0 0  
2 1 39.1630 2.9346 h9.2216 - 0 .  o n n i  0 ,  oozi . - o s  o n o n  0 .  0020 
2 2 40.1865 2.7365 69,3548 o . o n n 5  0.0017 n . o n n i  0 .  no17 
2 3 41,3306 2,3828 h9,5n91 0 . 0 0 0 4  0 ,  O O O T  n ,  o o n n  0. no03 
2 4 42.5179 1.9166 69.6708 0.0007 -0.onn4 -o .ooo; !  - 0 . 0 0 0 i? 
- 0 . O O ' l i  2 5 43.7239 1.3358 69,8314 o I o o n 8  - n ,  0017 n .  o n n n  
0 . 0 0 1 2  
0 ,  0017 
0 , 0 0 0 2' 
. 0 , I1 0 'I 1 
n .  o n x  
4 1 41.1635 8.7853 54.2136 - n . o n o n  n . o n x i  - n , o n n i  0 . 0 0 1 0  
4 2 42.3422 8.7056 54.3884 0 ,  0 0 0 3  0 ,  o n ' i i  n .  on04 n . o o 1 t  
4 3 43.6589 8.4724 54.5811 o . o o n 2  o.ooi5 - n , o n n 3  0. no13 
4 5 46.4400 7.6383 54.9754 0 ,  o n m  - 0 .  o o m  . - -on  0 0 0 2  - 0 .  no04 
4 4 45.0240 8.1179 54,7784 o . o n n 1  0 . 0 0 0 3  n . o n n n  0. no03 
5 1 41.7375 12.3190 46.7132 o I o o n n  o I 0 0 0 6  - n  .onn4 0, 0004 
5 2 42.9710 12.3155 46.9050 o . o o n 3  o . n o i o  - o , o n n 4  . o . n o n ~  
- 0 ,  n o o o  5 3 44,3695 12.1691 47.118n o , o o n z  - o . o n n n  - n . o o n i  
5 4 45.8338 11.8930 47.333P - 0  o o n ~  0 .  onnn - 0 ,  o n o n  o , n n 07 
5 5 47.3491 11,4983 47.5481 0 . 0 0 0 4  o I 0 0 0 4  n ,  onnx 0 , 0 0 (15 
- 0 .  o o i  t 6 1 41.8922 16,2271 39.2155 o . o o n 5  - o . o o i i  - n . o o n i  
6 3 44.6727 16.2769 39.6557 o I 0007 o I o o n 4  0 ,  o n n o  o.non3  
b 4 46.2238 16,1046 39.8891 o , o o n h  - O , O O O ~  n .onor !  
6 5 47.8443 15.8046 40,1230 o s  0004 o s  o o n i  - 0 %  o o n i  n ,  n o n t  
6 2 43.1926 16.3276 39.4244 0 . 0 0 0 4  o . o o i i  - n . o o o i  0 . 0 0 09 
- 0 . o o n 1  
7 1 41.5628 20.4869 31.7149 0.0007 -0.0012 n , o o n i  -0.0012 
7 2 42.9199 20.6965 31.9465 o.oon9 -0.oo02 n . o n o 3  - 0 .  no02 
7 3 44.4672 20.7732 32.1954 0 ,  oon2 0 ,  oonh - n , o n o i  0 .  no04 
27 
7 4  
7 5  
8 1  
8 2  
8 3  
8 4  
8 5  
9 i  
9 2  
9 3  
9 4  
9 5  
T 0 0 7 "  9 
1 1  
1 2  
1 3  
1 4 
1 s  
2 'I 
2 2  
2 3 
2 4  
2 5  
3 'I 
3 2  
3 3  
3 4  
3 5  
4 1  
4 2  
4 3  
4 4  
4 5  
5 1  
5 2  
5 3  
5 4  
5 5  
6 1  
6 2  
6 3  
6 4  
6 5  
46 I 1087 
47, 82a6 
40 I 661 1 
42 I 0609 
43 I 6667 
45,3835 
47.1a93 































43 I 8960 
45,2063 





41 I 7375 
42,971 0 
44 I 3695 
45 I 8338 






0 I 6246 
n ,3877 
- n I o n i 2  









5 ,  2074 
4 782.2 
4.2500 















32 I 4453 
32.7001 
24.2153 
















69 I 6708 
69 I 83 14 
69.sn91 
61.7142 
61 I 8683 
62 I 2238 






54 I 7784 








39 I 8891 
40.1230 
o . o o n 3  -0.ono5 - o . o n o i  
o . o o i n  - o . o o n h  o . o n o i  
o I 0013 -0,0014 0 ,  o n o i  
0 .  0 0 0 3  0 ,  o n n R  n . o n n 3  
o . o n i n  - n . o n i i  n . o n n 1  
0 ,  o n n o  0 .  on04 o ,  o n n n  
0.0014 - o . o o o ~ ~  - n . o o o ; ?  
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TABLE 1 .  (Cont I d )  
8 1 40.6611 25.0588 24.2153 -0.oo05 0.0013 - n . o n n 3  o . o n i o  
8 3 43.6667 25.6033 24.7341 o.ooi4 - o . o n n s  -n .onn2  
- 0 .  n o m  8 4 45,3835 25.6955 25.0052 o . o o i ; ?  -0.onn2 o.oon:! 
8 5 47.1893 25.6561 25.2774 o.onn7 - o , o o o i  - n . o o o n  
8 2 42,0609 25.3935 24.4671 -o,onns o,o017 n ,  0004 0.0017 
- 0 , 0 0 0 9  
-0.0002 
9 1 39.0643 29.8605 16,7170 -o .nno: ;  0 , 0 0 1 4  o , n n n n  n . o n i 2  
o , o o 0;) 9 3 42.1535 30.7138 17.2747 o . o n n 5  o.oon4 n . o n o i  
- 0 .  on14 9 4 43.9291 30,9650 17.5638 0 ,  o n ~ 4  -o,o013 n .  o o n i  
9 5 45.8174 31.0969 17.85h4 o . o n x  -n.oni7 - n , o n n i  - 0 ,  on17 
9 2 40.50ii 30.3440 16.99114 o.non4 - 0 . o o n 1  o.onn;! -0.0001 
TOOTH 13 FLANK 1 
1 I 37.0475 0.6255 76,7222 - 0 . o n n 3  0 ,  o n n i  n ,  on02 n . o n  n i 
1 2 38.7958 0.3862 7h.8361 0 ,  n o 0 5  - n ,  n o m  - n ,  o n o n  - n o  o n m  
I 3 39.8687 - n . o 0 3 o  76,9773 0 ,  n n n o  - 0 ,  nom - 0 ,  o n i n  - 0 ,  o n m  
I 4 40,9568 - 0 . 5 0 2 0  77.1169 o , n n i p  - n , n n 4 7  n . n o n i  - 0  , 0 0 3 0  
1 5 42.0743 -1,1093 77.2023 0 .  onn9 - 0 .  n n m  0 ,  n n o n  -0,0043 
2 1 39.1630 2.9331 69.2216 - 0 ,  o n n i  n ,  nnoh - 0 ,  n n n i  n , o o ot ,  
2 2 40.1865 2.7345 h9.3548 0 .  nnny  - n I o o o 3  n ,  o n n n  - 0 .  o n n i  
2 4 42,5179 1 . 9 1 2 6  69.670~ o , n n . i i  - R , o ~ ~ R  o . n n n 2  - n . o n ; v  
2 3 41,3306 2,3796 69.5091 0. n n n i  - 0 .  on;m - 0  .nno;2 - 0 ,  (102!0 
2 5 43.7239 1.3331 69.8314 0 ,  o n 1 1  - 0 .  on46 0 ,  n o n n  - 0 ,  0034 
3 1 40.2961 5.6961 61.7142 -n a 0007 n ,nn2:; n ,  no01 n , o nz4  
- o . o n o i  3 2 41.3856 5 , 5 0 6 3  61 ,8683 0 .  on12 - n e  0 0 0 3  0 ,  n n o i  
3 3 42.6168 5,2082 62,0440 - 0  I o o o n  -0, onn9 - 0 ,  o o n i  - 0 .  U O O Y  
3 4 43.8960 4.7821 62.2238 0 ,  on13 - 0 ,  0 0 3 9  n ,  o n n i  '-0 * 0 0 3 1  
3 5 45,2063 4.2491 62.4042 0 .  o n 2 0  - n ,  o n x  - 0 ,  a c i n i  - 0 , 0 0 3 9  
4 i 4i.ih35 8,7870 54.2136) - 0 .  ann;? n ,  n o z b  n .  0 0 0 1  n , o 0 2 5  
4 3 43.6589 8.4702 54.5811 0 ,  on09 - 0 .  onns - 0 ,  o n n i  - o , o n o o 
4 4 45.0240 8.1156 54.7784 O . O O I O  -o.on;?;! n . o o n i  - 0 .  on17 
4 5 46.4400 7.6352 54.9754 0 ,  on21 - 0 , 0 0 4 2  n .  o n n i  - 0 ,  on31 
4 2 42.3422 8.7050 54.3884 0 .  o n 1  1 0 ,  Onox 0 ,  o o m  0 ,  0 0 0 5  
5 1 41.7375 12.3193 46.7132 0 ,  n o 0 1  0 ,  o n m  - 0 ,  o n n i  0 , 0 0 0 7 
5 2 42.9710 12.3170 46,9050 - 0 .  ann;? o s  on24 - 0 ,  o o n i  0 I 0 o ; ' l  
5 4 45.8338 11.8912 47.3337 o . o n i i  -o.oni:! - n , n n n n  - 0 .  O O O Y  
5 3 44.3695 12.1688 47,1180 o,onn4 - n . o n m  - o . o o n n  - 0 . o o n 3  
5 5 47.3491 11.4974 47.5481 0 .  o n n ?  -0  onns n ,  o n n i  - 0 .  ono3 
6 1 41.8922 16.2298 39.2155 - 0 ,  o o o b  o I on11  n ,  onn2 n .  o o i i ?  
6 2 43.1926 16,3282 39.4244 0 .  o o n i  o I 0016 0 ,  o n o n  0 .  on14  
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TABLE 1. (Cont'd) 
6 3  
b 4  
6 5  
7 1  
7 2  
7 3  
7 4  
7 5  
8 1  
8 2  
8 3  
8 4  
8 5  
9 1  
9 2  
9 3  
9 4  
9 5  
44.6727 
46 I 2238 
47 I8443 
41 ,5628 
42 I 91 99 
44,4672 
46,1087 
47 I 8286 
40.6611 
42 I 0609 
43 I 6667 
45,3835 




45 I 81 74 




20 I 4918 
20 6976 
20 I 7743 
20.7192 
20 I 5422 
25 I 0595 
25 I3955 
25 I 6049 
25.6963 




30 I 9685 
31,0994 
39 I 6557 
39 I 0891 
40,1230 
31.7149 














0 .  o n 0 1  
0 .  o o w  
0 I O 0 0 6  
- 0 . 0 0 2 0  
-0.0003 
0 * 0 0 0 2  
0 ,  o o n i  
-0, o n i o  
-oIoon9 
- o I o n 2 n  
0 ,  onnz 
0 .  0009 
-oIoon9 
-0,0014 
-n , o n m  
o I 0007 
-0 IO015 
- 0 .  0004 
o.oozi 0 .  onn;! 
o I 0004 n ,  on02 
- o . o o n i  - n . o o o o  
o .  0026 n ,  on02 
o .  0 0 1 0  n I o o n n  
0.0017 - n . o n n o  
0 . 0 0 2 6  n ,  onn3 
0.0014 -0.onni 
0 . 0 0 1 5  n . o n n i  
0.0033 n. onnp 
0 .  onnri  - 0 ,  o n n n  
0 .  oonh 0 ,  o n n i  
o I 0 0 2 8  n .  o n n i  
o s  o n m  n . o n n i  
0 ,  on19 -0, onnp 
0,0039 - 0 ,  oon;! 
0.0014 0 ,  o o n i  













0 ,  0023 
0, 0 0 2 3  
0 .  0018 
0 , 0 0 35 
0 . 0 0 0 2  
o . n o i z ?  
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TABLE 2.  ZEISS MEASUREMENTS OF MASTER GEAR 
DRAWING N o  I PART NO I ORDER NO I SIJPPI..IER/CUSTOMER I OPERATION 
2-081 14-8 I T15 I NA I SIKORSKY I I N S P  FILANK 
TOOTH 1 
1 1  
1 2  
1 3  
1 4  
1 5  
2 1  
2 2  
2 3  
2 4  
2 5  
3 1  
3 2  
3 3  
3 4  
3 5  
4 1  
4 2  
4 3  
4 4  
4 5  
5 1  
5 2  
5 3  
5 4  
5 5  
6 1  
6 2  
6 3  
6 4  
6 5  
7 1  
7 2  






192 I 21 19 





199 I 9674 
200.1882 
200 I 4059 
206 I 7736 
207 I 3607 
207 I 6460 





21 4 I 8949 
215.2316 
220.7165 
221 I 1303 





228 I 3186 
1 1  .ZOO7 
1 n I 9339 
i n  I 6607 
i o I 3778 
9 * 4233 
8 I 8283 
8.5171 
8.1953 
9 I 1286 





4 I 1363 
3 I 7532 
3 s 3553 
2.9462 
2 I 5278 





-2 I 7402 




-6 I 7766 









sn , 6 ~ 1 , ~  
49 * 4642 
51 ,7827 
























-0.oon2 -0.oon8 -n.onnz 
- 0 ,  0006 - 0 ,  onnn 0 ,  onn;? 
- 0 ,  o n 0 5  -n . o n o y  - o  I o o n h  
31 
TABLE 2. (Cont'd) 
7 4 228.7709 -8.5609 
7 5 229.2151 -9.1825 
8 1 233.8700 -11.2176 
8 2 234.3047 -11,8789 
8 3 234,8925 -12.5569 
8 4 235.3917 -13.2488 
8 5 235.8865 -13.9562 
9 t 240.1425 -16.0746 
9 2 240.7007 -16.8278 
9 3 241.2507 -17.5953 
9 4 241.7960 -18.3810 
9 5 242,3359 -19,1781 
39 I 2638 
40.7471 
32,1118 
33 I 6581 
35,2059 
3 h  I 7574 
38 I 3098 





1 1 184.3812 
1 2 104.4749 
1 3 184.5656 
1 4 184.6512 
1 5 184.7290 
2 i 192.0446 
2 2 192.2119 
2 3 192.3731 
2 4 192-5271 
2 5 192.6752 
3 1 199.5096 
3 2 199,7430 
3 3 199.9674 
3 5 200.4059 
3 4 2 0 0 . 1 ~ 8 2  
4 1 206.7736 
4 3 207.3607 
4 2 207.0707 
4 4 2 0 7 . 6 4 6 0  
4 207.9234 
5 1 213.8444 
5 2 214.1991 
5 3 214.5491 
5 4 214.8949 
5 5 215.2316 
6 1 220.7165 
TOOTH i n  FLANK 1 
6 2 221.1303 -3,2485 
1 1  ,4649 
1 1  I 2023 
10 I 9342 
10 I 3776 











4 I 1342 
3 I7524 
3 I 3550 
2 * 9459 
2 I 5277 
0 0944 
0 I 4541 
-0.0017 
-0 4694 
-0 a 9482 
-2-7412 
sn ,9900 
52 I 0935 
53 I 1939 
54,2890 
=I= 









46 I 8330 
4R I 0532 
42.9117 
44.1974 










-0.onn7 - n . o n o w  n.nnn4 
- 0 ,  onor; " - 0 ,  on09 - 0  . n n n 2  
o . o o 0 h  -n.ooi5 o. o n i h  
- 0 . o o n 3  - n . o n i o  n.onn2 
-0.0007 - n . o n o R  , - n . o o o o  
- n . n n n ; ?  -0.nnn9 n . n n n 2  
- o . o n n ~  - o . o n i n  n . o n n p  
-nIono5 - 0 ,  on14 -n .  o n w  
- n  orto4 - 0 ,  o o o n  n .  o n o n  
- o . o n n r l  - n . n n 1 1  - o . n n n ?  
-0.0010 
-0. o n 0 7  
- o . o n ~ n  
- n . o 0 1 0  
- 0 ,  nnn:; 
- 0 .  O O O P  
- 0 .  o n 1 1  
'- 0 , 0 0 0 8 
- 0 ,  n o  13 
-n.o014 
- a . o o o P  
- - n e  0 0 1 0  
32 
TABLE 2. (Cont'd) 
7 I 227,3934 -6.7776 34,8099 -0.nn12 -n.oniz n,ono;? - n , o 0 1 0  
7 2 227.8601 -7,3577 36.294R - 0 ,  O O O R  -o.ooi; - 0  I o o n i  - n . o n 1 7  
7 3 228.3186 -7.9516 37.7777 -0.ono4 -0.on11 n . o n n i  -0.0011 
7 4 228.7709 -8.5615 39,2b38 -0.onn8 -n.on13 n.ooo2 - 0 ,  noi:; 
.- o , o n ;.:? 7 7 5 229.2151 -9.18'51 40.7471 - 0 ,   on^ I -0. o n x  n , on00 
8 I 233,8700 -11.2190 32m1118 -0 . o n 1 1  -n,ooi9 n . o n n n  -0 I 0 0 2 1  
8 2 234.3847 -11.8796 33.6581 - 0 , 0 0 1 1  - 0 . o n 1 1  - n , o n o i  - 0 .  no16 
8 3 234.8925 -12.5572 35.2059 o . o o n 1  -0.0014 o.oo2n -0.0007 
8 4 235.3917 -13.2510 3h.7574 - o . o n i n  - o . o n x i  - . o . o n n 4  - 0 ,  no::tr 
8 5 235.8865 -13.9581 30.3098 - 0 ,  0014 -0, o o m  o I o o n i  - n , o n ;.:! o 
2 'I 192,0446 9.4234 40,3015 -0, 0007 - n ,  0005 - 0 .  o n n o  - n , o o  06  
2 2 192.2119 9.1272 49,4642 - o . o n n ~  -0,0019 n .  0000 - 0 .  on>!o 
2 3 192.3731 8.8249 50.6235 -0,0017 - 0 ~ 0 0 x 1  - n . o n o i  
2 4 192.5271 8,5152 51.7822 - 0 . 0 0 1 ~  -0,0023 -n.ono3 - 0 .  n o w  
2 cy .J 192,6792 8,1951 52.9417 - 0 ,  ooo;.:? - 0 ,  o n ' i o  o I on04 .- n , o n '1 o 
- 0 , 0 0 4 1  
3 1 199.5096 6,9759 45.6071 - O . O O I I  - 0 ,  0021 n ,  o n o x  - 0 ,  no23 
3 2 199.7430 6,6403 46.8330 -o,oo19 - 0 . o n 4 3  -0.oon3 - 0 ,  on47 
3 3 199.9674 6.2988 40.0532 -0, 0 0 . 1 0  - 0 ,  n o 2 7  -,n, o n n n  . - o ,  on32 
3 4 200.i882 5.9440 49,2788 - 0 ,  o n n i  - n I o o o ( 3  o I o n o n  - 0 , 0 0 0 E3 
3 5 200.4059 5,5766 50.5046 -o.ono;! -n.onn;! n . o n n t  - 0 ,  on03 
4 1 206,7736 4.1316 42.9117 - 0 , 0 0 1 5  - 0 ~ 0 0 ~ 4  -.n.oon4 - 0 ,  nn4ir 
4 2 207.0707 3.7499 44.1974 -0,on18 -nIon33 - 0 %  o o n i  -0,0037 
4 4 207.6460 2.9465 46.7755 -0, o n n ; ~  - n ,  0 0 0 5  - 0 ,  o n n n  - n , o n o o 
- n , o o o z ?  4 5 207,9234 2.5285 48,0627 -oIoon2 - O , O O O I  , - o s  o n n i  
4 3 207,3607 3,3548 45.4820 - 0 ,  o n 0 5  -nIoni4 n .on01 - 0 .  00 '14 
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TABLE 2. (Cont 'd )  
5 2 214,1991 
5 3 219.5491 
5 4 214.0949 
5 5 215.2316 
6 1 220,7165 
6 2 221.1303 
6 3 221.5364 
6 4 221.9370 
6 5 222.3309 
7 1 227.3934 
7 2 227.8601 
7 3 228.3186 
7 4 228,7709 
7, 5 229,2151 
8 1 233.8700 
8 2 234.3847 
8 3 234.8925 
8 4 235.3917 
8 5 235.8865 
9 1 240.1425 
9 2 240.7007 
9 3 241.2507 
9 4 241.7960 
9 5 242.3359 
0 I 4532 
- 0 . 0 0 1 2  
-0 I 4683 
- 0  I 9484 
-2.7430 
-3 I 2485 
-3,7687 
-4 I 3033 
-4.8534 
- 6 .  7773 
-7 I 3966 
-7,9517 
-8.5631 
-9 I 1866 
-Il.2181 
-1 1 ,8788 
-12,5592 
-1 3 I2529 
-1 3 I 9573 
-16 I 0743 
-1 6 ,  8:!97 
-17.6005 
-1 8 I 3834 
-19,1750 
TOOTH 30 FLANK 1 
1 1 184.3812 
1 2 184.4749 
1 3 184.5656 
1 4 184,6512 
I 184.7290 
2 1 192.0446 
2 2 192,2119 
2 3 192.3731 
2 4 192.5271 
2 5 192,6752 
3 1 199,9096 
3 2 199.7430 
3 3 199.9674 
3 4 200,1882 
3 5 200.4059 
11.4651 
11,2009 
1 0 I 931 8 
1 0  I 6558 













44 I 2708 
45 I 6245 
37.5094 
38 I9287 














3 1  I 0240 
3;?.6416 
34 I 2 5 5 h  
35 I 8751 
50 ,9900 
54 ,2890 
52 I 0935 
53.1939 
. I . l .  3E124 c r  
48.3015 
49 I4642 





48 I 0532 
49 I 2788 
5 0 , 5 0 4 6  
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-0 .oon8 - 0 . 0 0 1 6  -0 .on04  
-0 .0004 --o.o009 - o , o o n i  
-0 .0004  - o . o n o h  0 .0004 
- 0  oou7 - 0  I O O O R  - - o s  on04 
-0.0012 - o , o o w  o . o n n i  
- o . o n o . r l  - O . O O I O  -n.ono;! 
-0.0001 -n .oOnh  o . o n n i  
- 0 , 0 0 0 3  - O . O O I I  - n . o o o o  
-0.0013 - 0 , o o m  - n . o o m  
- O . O O I O  - n . o n 1 0  -0.0003 
-0 I 0 0 0 1  -0.0011 0 ,  o o o n  
- 0 ,  on12 -0. on;?() . -n ,  o n n i  
. - o n  on7n -0.0037 0 ,  o n o o  
-0.0012 .-n, 0016 o , o o o i  
-0, 0 0 1 4  - 0 .  003;~ 0 ,  ono;! 
-0. on;w - 0 .  on59 n .  o n 0 5  
- O . O O ; ? T  - 0 , 0 0 4 2  - n , o n o 3  
-0.0009 -0.0015 - o . o n n o  
- o . o o n n  - o . o o o i  a . o n o 2  
-0.0019 
-0. 0 0 0 6  
- 0 . 0 0 1 1  
- o . n o i o  
-0,0029 
- 0 , 0 0 1 1  
- 0 , 0 0 0 0  
- 0  * 0 01 I 
-0,0027 
- 0 ,  0014 
- 0 . 0 0 0 8  
- 0 . 0 0 1 3  
- 0 . 0 0 2 6  
. -n ,  nom 
- 0 .  0014 
-0. O O O Y  
- 0 ,  0 0 2 3  
- 0 , 0 0 4 1  
-0 .00;?0 
- 0 , 0 0 0 6 
- 0 , 0 0 ;.:? t ,  
- 0 1 0 0 52  
- 0 , 0 0 2 : ! 7  
o ,no iz !  
0 , 0 0 0 8  
- 0 . 0 0 0 6  
- o I o o 3 0  
-0, 0053 
- 0 . 0 0 4 0  
-0.0010 
- 0 , 0 0 5 0  
- 0 , 0 0 4 2  
- 0 , 0 0 1 5  
- 0 .  o o : ~  
-0 I 0034 
-0. 0003 
- 0 , 0 0 4 7  
-0,0017 
- 0 , 0 0 0 1  
4 1  
4 2  
4 3  
4 4  
4 5  
5 1  
5 2  
5 3  
5 4  
5 5  
6 1  
6 2  
6 3  
6 4  
6 5  
7 1  
7 2  
7 3  
7 4  
7 5  
8 1  
8 2  
8 3  
8 4  
8 5  
9 1  
9 2  
9 3  
9 4  
206,7736 4.1294 
Z07,0707 3 I 7471 
207 I 3607 3 I 3534 
207 I 6460 2 I 9465 
207,9234 2 ,5290  
220 I 71 65 -2 I 7449 
2.21 ,5364 -3.7682 
2 c 2 .  3307 - 4  . 85;32 
221.1303 -3,2481 
221,9370 - 4 , 3 0 2 9  
227 I 3934 -6 I 778n 
227.8601 -7.3563 
228.3186 -7 ,9512  
228.7709 -8.5631 
229,2151 -9.1866 
2 3 3 , 8 7 0 0  -11,2173 
234.3847 -11,8779 
234 I 8925 -1 2.5585 
235 I 3917 , - I3  I 2536 
235.8865 -13.9586 




4 2  I 9117 
44.1974 
45.48ZO 
4 6  I7755 
40 I 0627 
4 0 . 2 0 8 5  
4 4 , 2 7 n ~ 1  
41 I 5636 
42,9172 
45 I 6245 
3705094 
38 I 9287 
41 , 76hO 
4 \4 * I (3 4 J 
4n13465  
34.8097 
30 I 2948 
37,7777 






3 ~ ,  3098  
29 .4080  
31.,0240 
32 I 641 6 
34.2556 
- 0 . 0 0 ~ 7  - 0 . o 0 6 i  -n,ono;! 
- o . o n m  - 0 ,  n o w  o . n o 0 5  
- 0 .  O O I D  - o , o o z i  - n ,  o n n i  
- o . o n n ~  -n.onns - n , o n w  
0 .  onna 0 ,  o o n i  - ( I ,  o n o i  
.- 
- 0  I 0067 
- 0 , 0 0 2 ? 7  
- o I O O O h  
- 0 ,  no62 
a .  onor? 
o , n o o n  
- o , o n m  
- a .  0 0 3 3  
__. _- 8. o n ('4 
- 0 . 0 0 2 1  
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Discussion of Resul ts  
The improved measurement process f o r  s p i r a l  bevel gears  was successfu l ly  
demonstrated using the  Zeiss UMM 500 Coordinate Measuring Machine f i t t e d  with 
the  Rotary Table. The gear s e t  up and measurement process was accomplished 
e a s i l y  and quickly with exce l len t  r e p e a t a b i l i t y .  The t o t a l  savings i n  
inspec t ion  and gr inding time i s  estimated t o  be 7 314 hours per  gear .  
A s  expected, t h e  too th  p r o f i l e s  of t h e  t e e t h  on t h e  master pinion and gear  
showed l i t t l e  devia t ion  from the  reference master too th .  The maximum devia t ion  
ranged from +.00009 t o  -.00015 fo r  t he  pinion with corresponding values +.00005 
and -.00032 f o r  t h e  gear .  
Corre la t ion  with Taped Pa t te rns  
A comparison of t h e  Zeiss readings taken on t h e  se l ec t ed  master gear s e t  
and t h e  contact pa t t e rn  observed i n  t h e  Gleason t e s t  machine showed good 
c o r r e l a t i o n  as evidenced by the  f a c t  t h a t  where a minus condi t ion (negative 
de r iva t ion  from t h e  nominal values)  was indicated by a Zeiss reading, a cor-  
responding movement was noted i n  t h e  contact  p a t t e r n .  Figure 21  shows a p l o t  
of der ived t e s t  machine values compared t o  t h e  UMM500 values .  The t e s t  machine 
values p lo t ted  a r e  the  observed d is tances  from the  end of t h e  t e s t  machine 
p a t t e r n  t o  the  t o e  end of t he  too th .  The UMM500 values a r e  t h e  measured 



















of an inch 
100 
50 
Figure 21. Comparison o f  Measurement Systems 
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Comparison of Nominal Values 
To judge t h e  e f f ec t iveness  of the Gleason computer program i n  determining 
nominal coordinate  values  based upon the f i n a l  g r inding  machine s e t t i n g s  , t he  
coded d a t a  supplied by Gleason, f o r  the se l ec t ed  master gear se t ,  was loaded 
i n t o  t h e  HP computer as t h e  theo re t i ca l  nominal va lues .  The master gear  s e t  
was then  measured, as  descr ibed above, and compared with these  nominal values .  
The r e s u l t s  a r e  shown i n  t h e  contour p lo ts  of Figures  22 and 23, and as  t abu la r  
values i n  Tables 3 and 4 .  The t abu la r  values  a r e  i n  mm. 
A t  f i r s t  glance,  t h e r e  appears t o  be an obvious and s i g n i f i c a n t  d i f f e rence  
between t h e  p r o f i l e  coordinates  of t h e  manufactured master gear  s e t  and t h e  
t h e o r e t i c a l  contour coordinates  both produced by t h e  same gr inding  machine 
s e t t i n g s .  The maximum measured normal devia t ions  between t h e  two were 
-.00228/--00223 inches f o r  the  pinion and +00057/-.00188 inches f o r  t h e  gear .  
After consul ta t ion  with Gleason, who r e i t e r a t e d  t h e i r  confidence i n  t h e  com- 
puter  program based upon corroborative evidence from t h e i r  own research  e f -  
f x t s ,  it was concluded t h a t  t h e  actual  machine s e t t i n g s  used t o  produce t h e  
gears  must have been d i f f e r e n t  than the ca lcu la ted  t h e o r e t i c a l  va lues ,  poss ib ly  
because of  e r r o r s  i n  machine gaging or machine se t  up. This i s  t h e  reason t h a t  
developed machine s e t t i n g s  may be d i f f e ren t  f o r  d i f f e r e n t  machines, o r  f o r  
machines of d i f f e r e n t  v in tage ,  and t h a t  t he  f i n a l  proof of compliance is  
comparison with an e s t ab l i shed  master gear. 
The conclusion drawn from t h i s  comparison is  t h a t  t h e  bes t  way t o  obta in  
nominal values  i s  d i g i t i z a t i o n  of an ex i s t ing  master gear  which is  t r a c e a b l e  t o  
the  gear  used i n  t h e  q u a l i f i c a t i o n  t e s t  program run on t h e  a c t u a l  gearbox. 
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m y  
RAM 20 
PROFILE MEASURING P I N I O N  1 z OPERAT.: O'OONNELL 
0 NO: P i  TOOTH-NO: 1 OATE : 
Figure 22. Comparison o f  Nominal Values - P i n i o n  
1 2 3 4 5 6 7 e 9 
d l  - 1  2 3 4 5 6 7 E 9 
ALIGNMENT MOOE - 0 OmP - 1 2 0 . 9 5 4 8  PART NO.-  T-15 
Figure 23. Comparison o f  Nominal Values - Gear 
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TABLE 3 .  COMPARISON OF NOMINAL VALUES-PINION 
DRAWING NO 
P 1  
I PART NO I ORDER NO ISUPPLIER/CUSTOMERI OPERATION 
I T-15 I NA I SIKORSKY I INSP FLANK 
2 I 39.7209 2.9056 -204.6607 -0.oon2 0.0027 -0.0003 0 I 0 0 7 4  
2 2 40.5999 2.7663 -204.4~86 -0.0020 0.0367, o . o o n o  0, 03.44 
2 3 41.8158 2.4043 -204.2417 -0.o024 0,0473 - n . o o o i  0.0416 
2 4 43.2988 1.7885 -203,9302 -0,0028 0.0520 -0.0001 0,0457 
2 5 44.9801 0.8929 -203.5630 - 0 ~ 0 0 ~  0 . 0572 oIoon2 0. 04!,9 
3 1 40.7552 5.4945 -211,3789 0 . 0 0 1 0  - 0 , 0 0 9 2  ~-.0.0001 -0, n o m  
3 3 42.9902 5,0709 -210.9282 -0.0037 n 0309 - 0 ,  no02 0 ,  nzo8 
3 5 46,3515 3,6817 -210,2209 -n,oo56 0,0466 - 0 ,  n o 0 0  0 .  n3m 
3 2 41.6974 5.3893 -211,1907 -0,0029 0,0235 n .  0004 0, 02'1 3 
3 4 44.5645 4#5122 -210.6019 .-o.0048 0,0372 -n.ooo2 0 3 0308 
4 1 41.5C)41 8.3641 -217,9704 0,0037 -0,0207 -.n.oono - 0 ,  n i v o  
4 3 43.9357 8.0435 -217.4928 -0.o03n o , o i w  .--o.nono n .  0 1 3 7  
4 4 4:5.6000 7,5590 -217.1542 -0,0046 0 I 0253 0 , 0 0 0 ' 1  n ,  0210 
4 2 42.5677 8.2993 -217,7683 -0~00'13 o 0063 o o n o  0 , 0 0 96 
4 5 47.45'25 6.8011 -216,7619 -0 I 0053 0 I 0285. -0 I 0001 0 , I1 2 2.: 3 
5 'I 42.1073 11,4823 -224,4317 o.oo90 -0,0363 -n.ooo3 . - o n  0334 
5 3 44,6092 11.2927 -223.9315 o . o o o i  o . o n o 1  O . O O O I  0. no01 
5 4 46,3601 10,8907 -223.5831 -0.0012 0,0052 - o . o o n o  0,0043 
5 5 48,3!55? 10.2352 -223.1022 . - o . o n x )  0,0139 n ,  0003 n , o I '1 o 
5 2 43,1695 11.4761 -224.2180 0 . 0 0 2 0  -0.oo81 n . o n o i  -0 I 0 0 7 2  
6 1 42.3471 14.8250 -230.755'4 0 I 0 1 6 0  -0 I 0477 -0,0002 .-n. 04.30 
6 2 43.4639 14.8858 -230.5359 0 , 0 0 6 6  -0.0205 o . o n n i  - 0 .  0 1 8 6  
6 3 44.9700 14.7831 -230.2408 0.0063 -0.0189 - n , o o p i  - 0 .  0164 
6 4 46.8019 14.4870 -229.8848 0.0033 -0.oi06 - o . o n o i  -0,0088 
6 5 48.8941 13.9425 ,-2?9.4777 0,0018 -0.0059 - n . o o o i  . - o ,  oni t7  
7 1 42.2488 18,3481 -236.9502 0,0246 - -o 0621 0 ,  onn2  - 0 ,  n : ; x  
7 2 43.4148 18.4831 -236.7186 0,0165 -0.0393 - o . o o n n  - 0 ,  oxy5 
7 4 46.8053 18.3008 - 2 3 6 , 0 5 5 6  0.0125 -0.03in n . o o o i  . - o ,  n2::ie 
7 5 49.0664 17.8936 -235.6446 O . O O W ~  -0.0214 o . o n n o  .-n. n i  09 
7 3 44.9004 18.4865 -236.4168 0.0127 -0.0315 o . o n o o  -0. 0274 
El 1 41,7819 22,0162 -243.0007 0.0365 -n.o7i9 o . o n o 1  -0, 0676 
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TABLE 3. (Cont'd) 
9 1 40.9205 25.7734 -248.9080 0 .05 '17  -0 0867 -0 0001 -0. 0832 
9 2 42.1644 26,0962 -248.6648 0 .0398 -0.0656 0 , 0 0 0 1  - 0 ,  06'14 
9 3 4 3 , 8 2 1 2  26.3313 -248.3552 0.0369 - 0 . 0 6 1 6  0 . 0 0 0 0  - 0 ,  0 5 5 4  
9 4 45.8396 26.4249 -247.9897 0.0361 -0 ,0599 0,0001 -0. 0 5 1  6 
9 5 48.1628 26.3274 -247,5777 0 . 0 3 3 0  -0 .0551 -0,0002 - 0  I 04.52 
TABLE 4. COMPARISON OF NOMINAL VALUES-GEAR 
2 'I 194.9522 3 .6746 -73.3879 - 0 , 0 1 9 7  - 0 , 0 3 9 8  o , o n o z  - 0 .  0 4 3 5  
2 2 195.4139 3.2630 -72.2960 -0.0103 -o.o;?n9 o.0003 - 0 ,  0227 
2 3 195.8524 2.8408 -71.1713 - O . O O ; ? ~  - 0 . 0 0 4 9  -0.0003 -0  I 0093 
0 I 0 0 0 0  2 4 196.2668 2.4055 -70.0158 0 ,  0029 0 . 0 0 5 5  -0, 0 0 0 0  
2 5 196.6559 1.9611 -68.8314 0 ~ 0 0 ~  0 , 0 1 2 7  0 ,  0005 0,0140 
3 1 201.3221 1.3060 -75.8079 - 0 . 0 1 ~  -0,0340 n.onn3 -0, 0309 
3 2 201.8012 0.8618 -74.6745 - o . 0 0 7 ?  -n.o147 o.onn,s  -0, n i 6 o  
3 3 202.2!548 0 , 4 0 4 2  -73,5083 - 0 ,  0008 - 0 ,  o n m  0 .  o o n o  . -o,  0028 
3 4 202.6817 - 0 . 0 6 1 0  -72.3114 0 .  0027 0 I 0 0 6 5  -0 I 0002 0 I O O O E :  
3 5 203.0811 -0.5325 -71,0856 0 ,  o o h n  0 .  0124 o I o o o o  0.0135 
4 1 2 0 7  I 5723 .--1 ,3855 .-78 I 193'1 - 0 , 0 1 2 8  -0 I02t.,H 0 I0003 -. 0 , 0 2 (9 2. 
4 2 208.0b61 -1.86134 -77.0175 - o . o n ; o  - 0 . 0 1 i o  o . o i i o o  0 * 0 1 1 9 
0 I 0 0 'I 3 4 3 208.5319 -2.3610 -75,8094 -0, 0008 - n , o o i o  -0,0004 
4 4 208,9687 -2,8572 -74.5706 0.0030 0 .  O U ~ ; ?  n o o o ~  o , o n  09 
0.0100 4 5 ; ? o ~ , s ~ v  -3.3593 ,-73.3030 o . o n m  O . O O Y O  . - n , o o o i  
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TABLE 4. (Cont'd) 
5 1  
5 2  
5 3  
5 4  
5 5  
6 1  
6 2  
6 3  
6 4  
6 5  
7 1  
7 2  
7 3  
7 4  
7 5  
8 1  
8 2  
8 3  
8 4  
8 5  
9 1  
9 2  
9 3  
9 4  
9 5  
213.6873 -4.3965 .-ao,54n9 
214.1928 -4.92no -79.3225 
214.6678 -5.4477 .-78.0719 
215.1117 -5,9771 -76.7908 
215.5236 -6.5098 -75.4812 
219.6516 -7,7206 -82?.8488 
220,1657 -8.2843 -81.5872 
220,6471 -8, 8490 -80. 2936 
221,0952 -9 I 4135 -78 I 9699 
221,5092 -9.9771 -77.6179 
225,4504 -1 1,3491 .-8Tr. 1 1  47 
225.9699 -11.9546 -83,8094 
226,4546 -12 I 5574 .-E$;?, 4724 
226.9039 -13.1580 - 8 1 , 1 0 5 6  
227.3174 -13.7530 .-79.7108 
231.0690 -15.2742 -87.3365 
231.5906 -15,9226 -85 9869 
232.0756 -16.5666 . - 8 4 . 6 0 6 1  
232,5233 ,-17.2019 -83,1958 
232,9334 -17.8287 -81.7580 
236.4932 -19.4857 ,-89.512?1 
237.0 'I 37 .- 2 0 I 1 8 0 3 - RR I 1 1 79 
237-4957 -20 I 8646 -86 I 6927 
237 I 9389 -21 I 5355 -85 I 2386 
238.3430 -;1;?.1919 -83,7574 
- 0 . 0 1 0 3  - o . o ; ? i i  
-0. no44 - n ,  o n w  
o s  o n n i  - 0 ,  eon:; 
o I o o ; ? 4  0 ,  on48 
0 I 0027 0 I 0048 
-0. on90 - 0 .  017z 






-0, o n h n  -0,0137 
- O . O I O I  - o . o ; ~ ' I I  
-0.0048 -0.0096 
-o.n07;! -0.0174 
-0 007;) - n .  0157 
-0. n o w  . - o s  0189 
-0,0121 -0,0244 
-0.0162 -0.0338 
n o n o i  
n .  o n 0 3  
- 0  . o n n i  
- 0 ,  eon? 
- 0 .  o n n i  
- n I o n n i  
- I \ .  o n n ; ?  
-n.o002 
0.0002 
0 . O O O R  
n ,  o n 0 4  
-(I ,0004 
- ( I ,  o n n p  
- 0 ,  o o n i  
o . o n n ; ?  
- 0 .  o n n ~  
- n . o o n p  
n oon9 
- 0 , 0 0 0 1  
0 . 0 0 0 R  
n ,  oonz 
0. o o n x  
- n . o n o i  
0. 0007 
-0 * 0001 
.-.os n m i  
- 0 .  n o w  
. - o n  o n ( i 4  
o , n o m  
- 0 .  O I Y I  
-0,0077 
- 0 .  o n l o  
0 .  no13 
0 .  O O X  
-0,0013 
-0 I 01 h7 
- 0 ,  n o m  
-0.0037 
-0. ooy.51 
-0. 0 1  03 
- 0 ,  n i  03 
- 0 . n i 0 4  
. - o .  0 1 0 4  
-0, n i r l i  
-0, 0223 
- 0 , 0 1 7 6  
- 0 .  01t)3 
- a ,  n i  95 
- 0 ,  n2m 
- 0 ,  0355 
41 
DEVELOPMENT OF AN IN-PROCESS INSPECTION TECHNIQUE 
One of the  prime requirements i d e n t i f i e d  a t  t he  o u t s e t  f o r  an improved 
s p i r a l  bevel gear inspec t ion  method is  t h a t ;  i f  t he  p r o f i l e  devia t ions  of a 
production gear, as  measured on t h e  coordinate  measuring machine, a r e  beyond 
acceptable  l i m i t s ;  t he se  devia t ions  must be i n t e r p r e t a b l e  i n  terms of s p e c i f i c  
d e l t a  changes t o  t h e  gr inding machine s e t t i n g  used t o  produce t h a t  gear .  The 
procedure is  e s s e n t i a l l y  the  inverse of t he  mathematical s imulat ion process 
described e a r l i e r  and is  accomplished by a second p a r t  of t h e  Gleason Works 
G-Age software package described below. 
G-Age Corrective Process 
After  a s p i r a l  bevel gear s e t  has been "developed" f o r  operat ion i n  a 
p a r t i c u l a r  gearbox, t he  f i n a l  gr inding machine s e t t i n g s  a r e  used t o  c a l c u l a t e  
t h e  theo re t i ca l  sur face  coordinate and normals. This information i s  s to red  i n  
the  measuring machine computer. Along with t h i s  t h e o r e t i c a l  su r f ace  da t a ,  a 
co r rec t ive  matrix is a l s o  generated and s t o r e d .  The co r rec t ive  matrix can be 
considered as a sur face  s e n s i t i v i t y  matr ix .  For example, changes t h a t  a f f e c t  
t he  pressure  angle and s p i r a l  angle of t he  too th  sur face  a r e  def ined.  The 
s e n s i t i v i t y  of t h e  sur face  t o  these  changes i s  ca lcu la ted  and s to red  i n  t h e  
co r rec t ive  matrix. Changes a r e  so defined f o r  a l l  Gleason c u t t i n g  and gr inding 
methods. 
When the  too th  sur faces  of t h e  ind iv idua l  gears  a r e  measured and compared 
t o  the  nominal value matrix ( e i t h e r  ca l cu la t ed  t h e o r e t i c a l  su r f ace  poin ts  o r  
measured surface poin ts  from a master g e a r ) ,  a matrix of e r r o r  da t a  i s  computed 
and s to red .  The e r r o r  da ta  i s  then mul t ip l ied  by t h e  co r rec t ive  matrix and 
co r rec t ive  se t t i ngs  f o r  t he  gr inding machine a r e  ca l cu la t ed  and p r in t ed  o u t .  
S e n s i t i v i t y  Study 
To evaluate  t h i s  in-process inspec t ion  technique, which w i l l  convert 
readings from t h e  Zeiss UMMSOO measuring machine i n t o  p r e c i s e  s e t t i n g s  f o r  t h e  
s p i r a l  bevel gear gr inding machine, a s e n s i t i v i t y  s tudy was made i n  which gear , 
t e s t  specimens were ground and reground w i t h  machine s e t t i n g s  t h a t  purposely 
deviated from t h e  developed summary s e t t i n g s  according t o  t h e  matr ices  of 
Figures 2 4  and 25. This study involved 10 f i r s t  order  changes and 8 second and 
t h i r d  order  changes f o r  t h e  pinion and 10 f i r s t  order  changes f o r  t h e  gear .  
Each s e t t i n g  change cons is ted  of 5 v a r i a t i o n s  including one base l ine ,  f o r  a 
t o t a l  of 9 1  grinds f o r  t h e  pinion and 51 gr inds  f o r  t h e  gea r .  
Fabr ica t ion  of Test  Gear Specimens I 
The 10 pinion test  specimens and 5 gear t e s t  specimens, which were 
machined i n  Phase I ,  were ground according t o  t h e  gr inding  matr ix  of Figure 2 4  
and 25. For each s e t t i n g ,  two devia t ions  above and two devia t ions  below t h e  
e s t ab l i shed  values were used. When a l l  of t h e  gr inds a t  one machine s e t t i n g  
were completed, a v e r i f i c a t i o n  gr ind  was made t o  r e e s t a b l i s h  t h e  base l ine  
s e t t i n g s  before proceeding on t o  t h e  next machine s e t t i n g .  
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Figure  24. First Order Grinding Matrix 
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Figure  25. Second and Third Order  Gr inding  Matrix 
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To accommodate the  program schedule,  f ab r i ca t ion  of t h e  production gear 
sets f o r  the p i l o t  production program of Phase I11 was i n i t i a t e d  during t h i s  
Phase. S i x  pinion and 3 gears  were fabr ica ted  up t o  the  point  of f i n a l  gear 
gr inding .  
The Measurement Process 
Each of t h e  t e s t  specimens were assembled i n  the  Gleason t e s t  machine and 
run against  t h e i r  corresponding masters.  Transfer  tapes  fo r  each gr ind  were 
recorded. 
These same tes t  specimens were then measured on t h e  UMM500 measuring 
machine and t h e  co r rec t ive  machine s e t t i n g s  determined by the  Gleason-supplied 
computer program. 
Resul ts  of Corrective Regrinds 
To i l l u s t r a t e  t h e  e f fec t iveness  of t he  conversion of UMM500 measurements 
(deviat ions from nominal value) i n t o  d e l t a  machine s e t t i n g s  f o r  t h e  Gleason 
gr inding machine, four s p e c i f i c  gr inding machine s e t t i n g s  a r e  presented.  
An eccen t r i c  angle change of zero degrees and f i v e  minutes (0'5') 
Machine center  t o  back withdrawal of .020 inches 
A pressure angle change of zero  degrees and t h i r t y  minutes (0'30') 
0 
The eccent r ic  angle change 0'5' r e su l t ed  i n  a maximum devia t ion  of -.0049 
inches i n  the bevel pinion p r o f i l e  geometry as  shown i n  Figure 26. When t h e  
pinion was reground t o  the  co r rec t ive  d e l t a  s e t t i n g  ca lcu la ted  by G-Age, t h i s  
devia t ion  was reduced t o  -.0014 inches.  A second regrind r e su l t ed  i n  a maximuin 
devia t ion  of +.0003 inches a s  shown. 
A root  angle change of zero degrees and twenty minutes (0'20') 
The machine center  t o  back change of .020 inches withdrawal r e su l t ed  i n  a 
maximum deviation of +.0053 inches i n  t h e  bevel pinion p r o f i l e  geomet.ry as 
shown i n  Figure 27.  When the  pinion was reground t o  t h e  co r rec t ive  d e l t a  
s e t t i n g  calculated by G - M e t ,  t he  devia t ion  was reduced t o  +.0009 inches.  A 
second regrind r e su l t ed  i n  a maximum devia t ion  of +.0004 inches as  shown. 
A pressure angle change of 0'30' r e su l t ed  i n  a maximum devia t ion  of -.0009 
inches i n  the bevel pinion p r o f i l e  geometry as  shown i n  Figure 28. When t h e  
pinion was reground t o  t h e  co r rec t ive  d e l t a  s e t t i n g  ca lcu la ted  by G-Met, t h i s  
devia t ion  was reduced t o  -.0004 inches.  A second regrind r e su l t ed  i n  a maximum 
devia t ion  of -.0002 inches a s  shown. 
A root angle change of 0'20' r e su l t ed  i n  a maximum devia t ion  of -.0041 
inches i n  the bevel pinion p r o f i l e  geometry as shown i n  Figure 29 .  When t h e  
pinion was reground t o  the  co r rec t ive  d e l t a  s e t t i n g  ca lcu la ted  by G-Met, t h i s  
devia t ion  was reduced t o  -.0004 inches.  A second regrind r e su l t ed  i n  a maximum 
devia t ion  of -.0002 inches as  shown. 
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Figure  26. Cor rec t i ve  Grinds - Eccen t r i c  Angle Dev ia t i on  
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Figure 28. Corrective Grinds - Pressure Angle Deviation 
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Discussion of Resul ts  
I n  a l l  four  of t he  above cases ,  t h e  bevel pinion too th  p r o f i l e  geometry 
was r e s to red  t o  within acceptable limits i n  two regrinds us ing  only f i r s t  order  
changes. This demonstrated t h a t  t h e  G-Age co r rec t ive  procedure is  e f f e c t i v e  i n  
co r rec t ing  an out-of- tolerance tooth p r o f i l e  during the  production process and 
can v i r t u a l l y  e l imina te  t h e  need f o r  a f i n a l  inspect ion process .  
I t  w i l l  be noted t h a t ,  i n  some cases ,  t h e  cor rec t ion  f e a t u r e  of t he  G-Age 
program indica ted  a change i n  more than one s e t t i n g  when only one was i n i t i a l l y  
d is turbed .  This i l l u s t r a t e s  t h e  f a c t ,  previously mentioned, t h a t  a combination 
of two o r  more moves i n  the  Gleason gr inder  may produce r e s u l t s  s imi l a r  t o  a 
s i n g l e  move. I f  t h e  cor rec t ion  program can be f au l t ed ,  perhaps it can be s a i d  
t h a t  it does not necessar i ly  take the  most d i r e c t  path t o  a so lu t ion .  
I t  should be mentioned, a t  t h i s  po in t ,  t h a t  t h e  G-Age program, s o p h i s t i -  
cated a s  it i s  i n  i t s  present form, is undergoing changes and modifications t o  
improve i t s  ef fec t iveness .  Later  versions,  fo r  example, w i l l  include second 
order  changes as wel l  as  f i r s t  order  changes. 
E s t  ab 1 is hment of To 1 e r  ance L i m i t s  
Based upon t h e  r e s u l t s  of t h e  e f f o r t s  of Phases I and I1 and t h e  experi-  
ence accummulated of t h e  Zeiss UMM500 mult i -axis  measuring maching, preliminary 
to l e rance  l eve l s  have been establ ished f o r  t h e  se lec ted  BLACK HAWK bevel gear 
se t .  These a r e  shown i n  Table 5.  Each g r i d  poin t  loca t ion  has a s p e c i f i c  
to le rance .  I f  these  l i m i t s  a r e  connected by s t r a i g h t  l i n e s  t h e  to le rance  
envelope of Figure 30 i s  derived. t h i s  could be used i n  t h e  form of a t r ans -  
parent  overlay i n  the  inspect ion process.  
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TABLE 5. ZEISS FLANK FORM TOLERANCE LIMITS 
COORDINATE POSITION 
1-1 1-3 1-5 5-1 5-3 5-5 9-1 9-3 9-5 
Class 13 1" F.W. 3 1 3 2 0 
Class 13 2" F.W. 3 .5  1 .5  3.5 2 0 
Class 13 3" F.W. 4.5 2 4.5 2.5 0 
Class 13 4" F.W. 5 5 2.5 2.5 0 
Class 12 1" F.W. 4 1 .5  4 2.5 0 
Class 12 2" F.W. 4.5 2 4.5 2.5 0 
Class 12 3" F.W. 5 .5  2.5 5 .5  3 0 
Class 12 4" F.W. 6 3 6 3 0 
Class 11 1" F.W. 5 2 5 3 0 
Class 11 2" F.W. 5 .5  2.5 5.5 3 0 
Class 11 3" F.W. 6.5 3 6.5 3.5 0 
Class 11 4" F.W. 7 3 .5  7 3.5 0 
~~ 
2 3 1 
2 3.5 1.5 
2.5 4.5 2 
2.5 5 2.5 
2.5 4 1 .5  
2.5 4.5 2 
3 5 .5  2.5 
3 6 3 
3 5 2 
3 5 .5  2.5 
3.5 6.5 3 










5 .5  
6 .5  
7 
Tolerance in ten thousandth of an inch. 
6 - 1  9 3 . .  " .  . 
SIDE 
HEEL 
Figure 30. Overlay Tolerance Chart  
PILOT PRODUCTION AND TEST PROGRAM 
To v e r i f y  t h a t  t h e  improved s p i r a l  bevel gear manufacturing and inspec t ion  
techniques developed i n  Phases I and I1 does i n  f a c t  produce an acceptable  
s p i r a l  bevel gear  with t h e  des i red  tooth p r o f i l e ,  s i x  pinions and 3 gears  were 
manufactured from t h e  raw forgings,  heat  t r e a t e d ,  case hardened, and f i n a l  
ground t o  t h e  production configurat ion using t h e  Zeiss UMM500 as t h e  primary 
in-process and f i n a l  inspect ion control .  
Fabr ica t ion  of P i l o t  Production T e s t  Gears 
Three gearbox-sets (two pinions and one gear)  were ground on t h e  Gleason 
g r inde r ,  us ing  t h e  Automated Inspection Process as t h e  inspec t ion  con t ro l .  
These t e s t  gears  d i f f e r  from t h e  gear t e s t  specimens used i n  Phases I and I1 i n  
t h a t  they conform t o  t h e  production requirements dimensionally i n  a l l  respec ts  
with t h e  exception of t he  too th  geometry as  described below. The t h r e e  gear  
members were ground t o  dupl ica te  the  f lank form of the  appropr ia te  Reference 
Master Control Gear within the  preliminary to le rances  e s t ab l i shed  i n  Phase I1 
and shown i n  Table 5 and Figure 30. The s i x  pinions were ground according t o  
t h e  following requirements. 
Inspect ion Resul ts  
Configuration 1. 
Two pinions were ground t o  dupl ica te  t h e  same f lank form of t h e  Reference 
Master Control gear within the  f lank  form to ie rance  of Table 5 .  This configur- 
a t ion  thus represents  t he  production configurat ion produced using t h e  automated 
inspec t ion /cont ro l  process .  The Gleason t e s t  machine pa t t e rns  and t h e  Zeiss 
UM?1500 measurements a r e  shown i n  Figure 3 1 .  
Configuration 2 .  
Two pinions were ground with a 0' 07 '  decrease i n  pressure  angle.  The 
corresponding Gleason taped pa t t e rns  and t h e  f lank  form measurements a r e  shown 
i n  Figure 3 2 .  The Zeiss UMM500 measured da ta  shows a .0004-inch material 
increase  i n  t h e  addendum of t h e  tooth along t h e  top band. This value is 
ou t s ide  t h e  es tab l i shed  preliminary f lank form to le rance  i n  t h i s  a rea .  The 
Gleason t e s t  machine p a t t e r n ,  although s l i g h t l y  higher on t h e  too th ,  d i d  meet 
t h e  production requirements and would be accepted even by t h e  most discr imin-  
a t i n g  in spec to r .  
Configuration 3 .  
The l a s t  two pinions were ground with a lengthwise p r o f i l e  curvature  
change. This was accomplished by a .040-inch increase  i n  t h e  gr inding wheel 
diameter (an .020 s i d e  dresses  r a d i a l  change). The Zeiss f lank  form measure- 
ments (Figure 33) shows a .0007-inch arch a t  t h e  center  of t h e  too th .  The 
Gleason test  machine pa t t e rn  showed a t o t a l  V-only check of .025 as compared t o  
.013 on t h e  master gears .  This variance is  beyond acceptable  l i m i t s  and t h e  
pinion would have been re jec ted .  
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H - 6 0  Main T e s t  F a c i l i t y  
The H - 6 0  main transmission bench test f a c i l i t y  is a regenerat ive power 
t e s t  s tand  t h a t  simultaneously t e s t s  LWO gearboxes. Both t ransmissions 
experience t h e  co r rec t  loading, but while one gearbox (pos i t i on  #l) t u r n s  i n  
the  normal d i r e c t i o n ,  t h e  o ther  gearbox (pos i t i on  r i2 )  t u rns  i n  t h e  reverse  
d i r e c t i o n .  The reverse  ro t a t ion  transmiss ion incorporates  a modified lub r i ca -  
t i o n  pump i n s t a l l a t i o n  t o  account for i t s  reverse r o t a t i o n .  Since lub r i ca t ion  
is  provided both i n  and out of mesh, n o  o ther  changes to  the  reverse  r o t a t i o n  
t ransmission a r e  necessary.  
I n  the  main transmission regenerative power t e s t  s tand t h e r e  a r e  t h r e e  
mechanical loops (LH input ,  RH input ,  and T a i l  Take O f f )  cons i s t ing  of t he  t e s t  
gearboxes (2) , commercial gearboxes ( 6 ) ,  and interconnect ing s h a f t s .  These 
mechanical closed loops can be independently torqued while under r o t a t i o n  
c rea t ing  a regenerat ing flow of power throurh t h o w  t e s t  gearboxes. The loops 
can be torques t o  s imulate  powers t o  thc gc;lrhos t h a t  nrc continuously va r i ab le  
from zero  t o  150% of the  design rat ings oi L i l t  ! i - ~ C i  n l L i i i r  t ransmission.  Speed 
is continuously va r i ab le  from zero t o  : I C "  no rw!  r n t e d  sperd .  
Acceptance Tes t  Program 
After  f i n a l  gr inding,  t he  t e s t  gea r s  Kere assembled i n t o  t h e  t e s t  main 
gearbox, shown i n  Figure 34, and a production acceptance t e s t  conducted on each 
conf igura t ion .  
The ATP is  an in tegra ted  gearbox s y s t c ~ ~ i  t o s t  ruIi i n  the  UH-60 main gearbox 
tes t  f a c i l i t y .  I t  i s  used t o  qua l i ty  t i l + .  ~ < ~ ~ ~ r r m x  t ~ v i o : - r ~  1; I S  i n s t a l l e d  on t h e  
a i r c r a f t .  The acceptance t e s t  power spectriirr \ h o ~ x *  i n  T a h l r  6 encompasses t h e  
f u l l  range of powers expected i n  serv ice .  
TABLE 6 
ATP POWER SPECTRUM 
Power (SHP)  
L/H Input R / H  Input  TTO 
400 400 25 
7 00 7 00 85 
1000 1000 170 
1250 1250 230  
700 7 00 85 









Test Resul t s  
Af te r  completion of t he  ATP t e s t ,  t h e  t e s t  gearbox was disassembled t o  t h e  
l eve l  necessary and t h e  t e s t  gear s e t  removed for  examination. The following 
c r i t e r i a  was used f o r  evaluat ion.  
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Figure 34. H-60 Test Main Gearbox 
The s i ze  and shape of t h e  composite bear ing p a t t e r n .  
The presence of any s igns  of s u r f a c e  d i s t r e s s ,  o r  excessive concen- 
t r a t i o n s  of load,  such as s co r ing ,  su r f ace  p i t t i n g  o r  chipping. 
* General conditions and appearance of t h e  working s u r f a c e  compared t o  
previous production runs .  
Test  1 
Both gears  and pinion of t h i s  conf igu ra t ion  looked except ional ly  good 
compared with previous production runs. The size and loca t ion  of t h e  p a t t e r n  
were good and t h e r e  were no s i g n s  of s u l f a c e  d i s t r e s s  anywhere on t h e  too th  
f l a n k .  Figure 35 shows t h e  condition of t h e  t e s t  pinion a f t e r  t h e  t e s t .  
Tes t  2 
This configuratiori  which  was ground w i t h  a s l i g h t  p re s su re  angie var iance 
showed moderate sco r ing  along a major por t ion  of t he  too th  f l ank  on both pinion 
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Figure 35. Results o f  T e s t  1 
and gea r .  This i s  an unacceptable condition and is  cause f o r  r e j e c t i o n .  Gear 
t o o t h  sco r ing  is  c h a r a c t e r i s t i c  of excessive heat  generat ion i n  t h e  mesh caused 
e i t h e r  by degenerat ion of t h e  o i l  f i l m  between t h e  con tac t ing  su r faces  o r  by 
excessive concentrat ion of load. I n  t h i s  case t h e  concentrat ion of load i n  t h e  
t o o t h  addendum of t h e  pinion p r e c i p i t a t e d  t h e  sco r ing  which r ap id ly  spread out  
over t h e  t o o t h  f l a n k  r e s u l t i n g  i n  t h e  condi t ion shown i n  Figure 36 .  
T e s t  3 
The pinion t e e t h  i n  t h i s  configurat ion were ground with excessive length- 
w i s e  cu rva tu re ,  concentrat ing t h e  load i n  t h e  cen te r  of t h e  too th .  These t e s t  
gears  exh ib i t ed  ex tens ive  sco r ing  s imi l a r  t o  those of Tes t  2 and f o r  t h e  same 
reasons.  See Figure 3 7 .  
Discussion of Resu l t s  
I 
I 
This  v e r i f i c a t i o n  tes t  demonstrated t h e  s e n s i t i v i t y  of t h i s  s e l e c t e d  
s p i r a l  bevel gear  s e t  t o  small changes i n  machine s e t t i n g s ,  and p a r t i c u l a r l y  t o  
changes which a f f e c t  load d i s t r i b u t i o n .  a small d i s t r i b u t i o n  of load i n t e n s i t y  
over t h e  t o o t h  f l ank  i s  probably t h e  primary c o n t r i b u t i o n  t o  gear s co r ing  and 
s u r f a c e  breakdown i n  s p i r a l  bevel gears.  
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Figure 36. Results o f  Test 2 
Figure 37. Results o f  Test 3 
A t h i r d  conclusion t h a t  can be made from t h e s e  tes t  r e s u l t s  i s  t h a t  t h e  
proposed to le rance  l i m i t s  have proven t o  be a good s t a r t i n g  poin t  s ince  t h e  
modified pinions of both scored gear s e t s  were ou t s ide  t h e  to l e rance  band. As 
experience with t h i s  inspect ion system accumulates, t h e  to le rance  l i m i t s  can be 
f ine- tuned with t h e  ob jec t ive  of obtaining a reasonable to l e rance  which w i l l  
preclude scor ing  during t h e  ATP. 
Also demonstrated i n  t h i s  t e s t  was t h e  a b i l i t y  of t h e  improved inspect ion 
method t o  cont ro l  t h e  su r face  p r o f i l e  t o  wi th in  r a t h e r  narrow l i m i t s  compared 
t o  t h e  taped p a t t e r n  method. This was evidenced by t h e  f a c t  t h a t  t h e  gears  of 
T e s t  2, which were acceptable  by t h e  old c r i t e r i a ,  r e s u l t e d  i n  a scored too th  
and a sc rap  gear  se t .  This pinion would not have passed t h e  improved 
inspec t ion  c r i t e r i a .  
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ECONOMIC COST ANALYSIS 
The projected savings i n  inspect ion and manufacturing times r e a l i z e d  from 
t h e  i n s t a l l a t i o n  of t h e  improved measurement process  descr ibed here in  was 
est imated t o  be 7 3/4 hours per  gear .  The following ana lys i s  shows t h e  equiva- 
l e n t  do l l a r  savings and r e s u l t i n g  cash flow over a f ive-year  per iod .  
Basis f o r  Economic Analysis 
The da ta  upon which t h e  economic impact of t h e  improved bevel gear  
inspect ion process  i s  based i s  shown i n  Table 7 .  I t  assumes t h a t  50 percent  of 
t h e  BLACK HAWK s p i r a l  bevel gears  a r e  produced a t  Sikorsky A i r c r a f t ,  and 
es t imates  t h e  b e n e f i t s  der ived s o l e l y  from t h a t  production over a f ive-year  
per iod  . 
Income/Expense Statement 
Table 8 l i s t s  t h e  annual d o l l a r  savings and c o s t s  assoc ia ted  with t h e  new 
inspect ion method i n  each of t he  f i v e  y e a r s .  Table 9 presents  t h e  annual and 
cumulative cash flow s i t u a t i o n  and shows the  payback percentages.  
Resul t s  
Based upon t h e  cash flow p i c t u r e  presented i n  Table 9 ,  t h e  ca lcu la ted  
breakeven poin t  f o r  t h i s  investment is 1 . 5 6  years .  The ca l cu la t ed  present  
worth, with an assumed acceptable  r a t e  of r e tu rn  of 23 percent ,  i s  $320,700. 
The in t e rna l  ra te  of r e tu rn  f o r  zero present  worth i s  16.7,  39.1,  49.7,  and 
5 5 . 2  respec t ive ly  f o r  years  2 ,  3 ,  A ,  and 5 .  
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3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
9 .  
10. 
An improved inspect ion method f o r  s p i r a l  bevel gears  was def ined and 
demonstrated f o r  both in-process  and f i n a l  inspec t ion .  
The method permits q u a n t i t a t i v e  evaluat ion of bevel gear  t oo th  p r o f i l e s  
and el iminates  t h e  sub jec t ive  accep t / r e j ec t  dec is ion  making which is  
c h a r a c t e r i s t i c  of t h e  present  contact  p a t t e r n  method. 
The defined process automatical ly  c a l c u l a t e s  gr inding machine s e t t i n g  
changes necessary t o  co r rec t  an out -of - to le rance  p r o f i l e ,  i n  two gr inding 
cyc les .  
Manufacturing and inspec t ion  time f o r  s p i r a l  bevel gears  i s  reduced by 7 
3 / 4  hours per  gear r e s u l t i n g  i n  s i g n i f i c a n t  cos t  savings.  
The e n t i r e  t oo th  contact  sur face  can be measured and con t ro l l ed  r a t h e r  
than a loca l ized  contac t  a r e a .  
The measuring machine has t h e  c a p a b i l i t y  of measuring blank dimensions as 
w e l l  as t oo th  index and spacing e r r o r s .  
The process produces permanent d i g i t a l  and graphica l  inspec t ion  records 
f o r  each gear  measured. 
The need fo r  maintenance and inspect ion of primary and s u b - t i e s  hard 
master gears i s  el iminated.  
The coordinate measurement machine replaces  th ree  single-purpose gear  
measurement machines and has add:i:cn:- an:\-ersal c a p a b i l i t y  which can be 
exploited i n  a reas  o the r  tnar. gear F -  -c -3 G . .-I\--- -_ C. .%-. -  . 
The improved inspec t ion  system u t i l i z i n g  the  mui t i -ax is  coordinate  measur- 
ing  machine w i l l  produce h igher -qua l i ty  gears  with fewer anomalies i n  
acceptance tes t  r e s u l t s .  
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APPEKDIS I 
PROCESS SPEC T FI CAT1 OK 
AUTOMATED INSPECTIOK AKD F’RLCISTOS GRINDING 
OF SPIRAL BEVEL GEARS 
1. SCOPE 
1.1 Scope. This spec i f i ca t ion  prescr ibes  a manufacturing and inspect ion 
process f o r  s p i r a l  bevel gear too th  p r o f i l e  geometry using a mult i -axis  co- 
o rd ina te  measuring machine. I t  a l s o  describes the measurement technique using 
t h e  Zeiss model UMM 500 and def ines  the  q u a l i t y  requirements and inspec t ion  
to le rances  t o  be used i n  t h e  in t e rp re t a t ion  of thc’ measurement da t a .  
1 . 2  C l a s s i f i c a t i o n .  The procedures a i d  to le rances  prescr ibed here in  
s h a l l  apply t o  a i r c r a f t - q u a l i t y  primary-dr ivc s p i r a l  bevel gears ,  conforming 
approximately t o  AGMA c l a s ses  11, 1 2 .  and 13.  
2 .  APPLICABLE DOCUMENTS 
2 . 1  Referenced Documents. The following documents of t he  i s sue  i n  e f f e c t  
on the  d a t a  of i n v i t a t i o n  f o r  bids  or  request for  proposal ,  form a p a r t  of t h i s  
s p e c i f i c a t i o n  t o  t h e  extent  spec i f ied  here in .  
ZEISS DOCUMENTATION 
COMET 11, Coordinate Metrology Software 
Operating Instruct  ions.  
GLEASON DOCUMENTATION 
G-AGE Users Manual 
Hypoid Generator Operating 1 n h ~ r : i ~ ~  1 ~ 1 1 -  
Hypoid Grinder Operating Instruct  ions 
Application Engineering On-Line Lomputer 
Service Ins t ruc t ions  
3.  REQUIREMENTS 
3 .1  Equipment. The following equipment is required fo r  t he  measurement 
process descr ibed below. 
ZEISS UNIVERSAL MEASURING MACHINE UM?l 500 
Basic machine, including CSC, Antivibrat ion system, In t e r f ace ,  
Cal ibra t ion  sphere,  starprobc. Probc k i t ,  and Peripheal  s t a t i o n .  
Optical  equipment with Probe k i t  fo r  gear measurement. 
Rotary t a b l e ,  RT05, with Interfacclnnd Expander 
Hewlett Packard Desktop Compi l tc r  System including HP 9836 c a l c u l a t o r ,  
HP 98628 X-Y p l o t t e r  and impact l i n e  p r i n t e r  
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SOFTWARE 
COMET I1 Zeiss Universal  Measuring Program with CNC Learn 
Programming 
G-AGE Gleason Sp i r a l  Bevel Gear Measuring Program with 
Misalignment Compensation on Rotary Table and 
Correct ive Machine S e t t i n g  Feature  
3 . 2  Required procedures and opera t ions .  The technique ou t l ined  he re in  
uses t h e  Zeiss Mddel UMM 500 Coordinate Measuring Machine i n  conjunction with 
an advanced Gleason software package t h a t  permits rap id  three-dimensional 
mapping of a s p i r a l  bevel gear too th  p r o f i l e  and q u a n t i t a t i v e  comparison of 
sur face  coordinates with s tored  nominal va lues .  The technique f ea tu res  a means 
fo r  rap id ly  c a l c u l a t i n g  co r rec t ive  gr inding  machine s e t t i n g s  f o r  c o n t r o l l i n g  
the  too th  p r o f i l e  wi th in  spec i f i ed  to le rance  l i m i t s .  
3 . 2 . 1  Determination of nominal values .  The r ep resen ta t ive  nominal values 
can be derived e i t h e r  by d i g i t i z a t i o n  of an e x i s t i n g  Master Gear which has the  
des i red  p r o f i l e ,  o r  from t h e o r e t i c a l  values  ca l cu la t ed  from t h e  f i n a l  gr inding 
machine s e t t i n g s  used t o  produce t h e  Master Gear p r o f i l e .  
The t h e o r e t i c a l  f lank  form coordinate  values a r e  obtained from a computer da t a  
f i l e .  t h i s  f i l e  i s  developed by f i r s t  running t h e  following Gleason computer 
programs. 
Dimension Sheet 
TCA (Tooth Contact Analysis) 
Cutting and Grinding Summary 
Tooth Surface Point Generator Program (T801) 
To t r a n s f e r  t h e  f lank  form da ta  t o  the  HP 9836 computer, t h e  opera tor  must use 
t h e  Gleason T836 program. 
A modem and phone hook-up a r e  required f o r  t h i s  computer da t a  l i n k .  Refer t o  
t h e  Gleason G-AGE u s e r ' s  manual. The nominal da t a  can a l s o  be purchased from 
t h e  Gleason Works i n  a d i s c  format. 
I f  t h e  t h e o r e t i c a l  nominal da t a  a r e  known, t h e  X ,  Y ,  and Z coordinates  and u n i t  
vector  normals can be entered i n t o  t h e  computer manually f o r  each g r i d  po in t .  
3 . 2 . 2  Measurement of s p i r a l  bevel gear  t e e t h .  The opera tor  should be 
completely f ami l i a r  with t h e  Zeiss coordinate  measuring machine, t h e  Zeiss 
COMET software,  t h e  Gleason G-AGE sof tware,  and t h e  Gleason s p i r a l  bevel gear 
system. Ins t ruc t ions  and t r a i n i n g  on t h e  Zeiss UMM 500 and t h e  COMET program 
a r e  ava i lab le  from Carl Zeiss, I n c . ,  Thornwood, NY.  Training on t h e  Gleason 
system and the  G-AGE program i s  ava i l ab le  from t h e  Gleason Machine Divis ion of 
t h e  Gleason Works, Rochester, NY. 
The work piece i s  posi t ioned on t h e  machine bed o r  on t h e  Rotary Table using 
t h e  COMET I1 sof tware and observing good machine p r a c t i c e s .  Some guide l ines  
a r e  : 
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Use t h e  same too l ing  poin ts  as  used on t h e  Gleason gr inder  and/or 
generator  
Do not use proof diameters because they may not be accura te  
The gear ax i s  should be i n  the v e r t i c a l  plane (Z  a x i s ) .  
I f  s to red  t h e o r e t i c a l  da t a  i s  not avai lable  o r  appl icable ,  t h e  required nominal 
values can be taken from an e x i s t i n g  Master Gear. F i r s t  t h e  corner po in ts  of 
t h e  sur face  g r i d  a r e  probed manually o r  they can be ca l cu la t ed ,  fo r  a given 
edge d i s t ance ,  using t h e  formulas i n  Table I .  After  t h e  g r i d  dens i ty  i s  
chosen, t h e  measurement process proceeds automatical ly .  
For t h e  case where t h e  nominal values have already been generated and s to red  i n  
the  computer, and a production gear posit ioned on the  machine; t h e  measurement 
process i s  automatic.  After i n i t i a l  contact  has been made, t he  probe i s  I 
d i r ec t ed  by t h e  computer t o  each gr id  p o i n t ,  measures t h e  coordinates ,  and 
I compares t h e  sur face  normal a t  t h a t  location t o  i t s  nominal value.  When each 
too th  i s  measured, t h e  probe automatically t r a v e l s  t o  the  next designated 
too th .  
The measurement da t a  i s  presented both as a three-dimensional e r r o r  p l o t  and as  
a d i g i t a l  t a b l e  of deviat ions from nominal values .  
i 
3 . 2 . 3  Comparison with nominal values. The co r rec t ive  f ea tu re  of t h e  
Gleason G-AGE computer program w i l l  only co r rec t  f i r s t  order  changes. The 
program w i l l  p r i n t  out  t h e  d e l t a  grinding machine s e t t i n g s  required t o  co r rec t  
t h e  p r o f i l e .  The program does not always co r rec t  t h e  delinquent machine 
s e t t i n g  and i n  c e r t a i n  cases the  recommended s e t t i n g  changes can a f f e c t  o the r  
a reas  of t h e  too th .  For example: 
A pinion ground with a machine-center-to-back e r r o r  w i l l  be d i r ec t ed  
t o  use t h e  eccen t r i c  angle and pressure  angle t o  co r rec t  t he  f i r s t  
order  var iance.  
A gear ground with a machine-center-to-back e r r o r  w i l l  use  t h e  
e c c e n t r i c  angle and t h e  root angle t o  co r rec t  t h e  var iance.  
In  t h e  case of t h e  gear, t h e  root  angle change can be detr imental  t o  s tock 
removal i n  t h e  root  of t h e  too th .  In  both cases it may requ i r e  a second order  
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I. FORMULA FOR CORNER POINTS 
19 
20 
2 1  
22 
23 







3 1  
32 
33 
3 4  
A-Z =a+@ -@+e -0 
B-X =@ - @ - @ 
B-Z =a+@+@-@ 
c-x =(E, - @ 
c-z =@ -+ @ -0 
u 
D-X =@ - @ - @ 
D-Z =@+@-@-a 
Note: See Figure 1 for identification of points A, B, C, and D; and 
axes X, Y, and Z. 
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Figure 1 .  Definition o f  Axes and Corner Points 
3 .3  Recommended procedures and opera t ions .  The three-dimensional p l o t  of 
t h e  variances from nominal va lues ,  i n  some cases ,  w i l l  suggest f i r s t  o rde r  and 
l imi t ed  second order  changes which can be made without t h e  b e n e f i t  of t h e  G-AGE 
cor rec t ion  program. 
3 .3 .1  Pressure angle  var iance  ( F i r s t  Order). The p res su re  angle var iance  
can be determined by eva lua t ing  t h e  measured da ta  g r i d  p o i n t s  a t  5-1, 5-3 and 
5-5 (Ref. Figure 2 )  of a 9 x 5 measured g r i d .  I f  t h e  t o t a l  v a r i a t i o n  were 
.0005 over a measured depth of . 4  t h e  co r rec t ion  t o  t h e  machine p res su re  angle  
would be 0.0716O (Oo 0 4 . 2 ' ) .  This d e l t a  co r rec t ion  can be ca l cu la t ed  using t h e  
following formula. 
PAC = Pressure  angle change 
Ec = Effec t ive  change 
Md = Measuring depth ( see  NoteA) 
NOTE A: The measured depth can be derived from t h e  Gleason computer program 
Theory/T801 i f  t h e  measuring da ta  i s  using t h e o r e t i c a l  da ta  o r  can be 
derived from t h e  program used t o  c a l c u l a t e  t h e  he ight  and r ad ius  f o r  
the  fou r  corner po in t s .  
The d i r ec t ion  of t h e  p re s su re  angle change can be determined by r e f e r r i n g  t o  
t h e  Gleason Hypoid Grinder Operating I n s t r u c t i o n  manual. 
3.3.2 S p i r a l  angle var iance  ( F i r s t  Order). The s p i r a l  angle var iance  can 
be determined by eva lua t ing  t h e  measured da ta  a t  g r i d  p o i n t s  1-3, 5-3 and 9-3 
(Ref. Figure 2 )  of a 9 x 5 measured g r i d .  If t h e  t o t a l  v a r i a t i o n  were .001 
over a face width of 3 inches and a 25' s p i r a l  angle ,  the e c c e n t r i c  angle  
co r rec t ion  would be .01854O (Oo  0 1 . 1 ' ) .  The d e l t a  co r rec t ion  can be ca l cu la t ed  
using t h e  following formula. 
Ec 
E/Ac = TAN-lFW - (FW A 2 )  1 
Cos S/A 
E / A c  = Eccent r ic  angle change 
FW = Face width 
FW A = Face width d e l t a  ( see  Note B) 
S/A = S p i r a l  angle 
Ec = Effec t ive  change 
NOTE B: The f ace  width d e l t a  i s  derived from t h e  Gleason computer program, 
Theory/T801 i f  t h e  measuring da ta  i s  us ing  t h e o r e t i c a l  da ta  o r  can be 
derived from t h e  program used t o  c a l c u l a t e  t h e  he ight  and r ad ius  f o r  
the four  corner po in t s .  
The d i r ec t ion  of t he  e c c e n t r i c  angle change can be determined by r e f e r r i n g  t o  












































































3.3.3 Lengthwise curvature  change (Second Order) .  The lengthwise curvature  
var iance  can be determined by eva lua t ing  the  measured da ta  a t  1-3, 2-3, 3-3, 
4-3, 5-3, 6-3, 7-3, 8-3, and 9-3 ( R e f .  Figure 2) of t he  9 x 5 measured g r i d .  
If the  measured l i n e  i n  t h e  lengthwise d i r e c t i o n  i s  a concave o r  convex curve 
it requires  a wheel diameter change. I f  t h e  a r c  he ight  of t he  curve i s  .001, 
t he  change t o  the  s i d e  d re s se r  r a d i a l  would be .041. The d e l t a  co r rec t ion  can 
be calculated using t h e  following formula. 
1 
FWm = FW - (FW A 2)  cos S,A 
h = RW - 1/2 J4 RwZ - FW 2 m 
Ah 
FWm2 + 4H2 
8 H  
H = h -  
r =  
SDRa = Rw - r 
SDR A = Side d res se r  r a d i a l  A change Rw = Wheel rad ius  
FW = Face Width 
Ah = Arc height  (Zeiss) 
FW A = Face width d e l t a  
S/A = Spi ra l  angle  
The d i r ec t ion  of the  s i d e  d re s se r  r a d i a l  change can be determined by r e f e r r i n g  
t o  t h e  Gleason Hypoid Grinder Operating I n s t r u c t i o n  manual. 
4. QUALITY ASSURANCE PROVISIONS 
4 .1  Responsibi l i ty  f o r  inspec t ion .  Unless otherwise spec i f i ed  i n  the  
con t r ac t  o r  o rde r ,  t he  gear  manufacturer o r  s u p p l i e r  i s  responsible  f o r  t he  
performance of  a l l  inspec t ion  requirements a s  s p e c i f i e d  here in .  
4.2 Monitoring procedures f o r  equipment used i n  process .  The measuring 
equipment used i n  t h i s  process  s p e c i f i c a t i o n  s h a l l  be maintained i n  a environ- 
mentally control led a rea  and s h a l l  be checked and c a l i b r a t e d  p e r i o d i c a l l y  t o  
a s su re  process con t ro l .  
4 .3  Conformity requirements. A l l  f in i shed  ground gear  t oo th  var iances  
from nominal values  s h a l l  no t  exceed those  va lues  shown on the  "Zeiss Flank 
Form Tolerance Chart" ( see  Table 11). The to l e rance  cha r t  has t h r e e  c l a s s  
ca t egor i e s ,  Class 11, 1 2 ,  13. A 5 x 9 g r i d  s h a l l  be used f o r  measurement of 
f lank  form. Three t e e t h  approximately 120" a p a r t  on each gear .  An over lay  
p l o t  as  shown i n  Figure 3 can be used a s  a guide f o r  judging acceptance.  
7 2  
TABLE 11. ZEISS FLASK FOR3 TOLERASCE LI?lITS 
COORDIKATE POSTTIOX 
- _. --___ -- .- 
1-1 1-3 1-5 5-1 5 - 3  5 - 5  9 - 1  9-3 9-5 
Class 13 1" F.W. 3 1 3 2 0 
Class 13 2" F.W. 3.5  1.5 3.5 2 0 
Class 13 3" F.W. 4.5 2 4 .5  2 . 5  0 
Class 13 4" F.W. 5 5 2.5 2 . 5  0 
Class 12 1" F.W. 4 1.5 4 2 . 5  0 
Class 12 2" F.W. 4.5 2 4 .5  2 . 5  0 
Class 12 3" F.W. 5 .5  2.5 5.5 3 0 
Class 12 4" F.W. 6 3 6 J 0 9 
: n Class 11 1" F.W. 5 2 5 
Class  11 2" F.W. 5.5 2 .5  5 .5  3 0 
Class 11 3" F.W. 6.5  3 6.5 3 . 5  0 
Class 11 4" F.W. 7 3.5  7 3 . 5  0 
L 7 3 1 3 - 3 3 . 5  1 . 5  3 .5  
2 . 5  4 .5  2 4 .5  
3 . 5  3 2.5 5 - 
- .  '> j 4 1.5 4 
&. 3 j 4 . 5  2 4.5 
3 5 . 5  2.5  5 .5  
3 6 3 6 
, 5 2 5 
3 5.5 2.5 5 .5  
3 . 5  6.5 3 6.5  
3 . 5 7 3 .5  7 
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IMPLEMENTATION PLAN 
AUTOMATED INSPECTION AND P R E C I S I O N  G R I N D I N G  OF SPIRAL BEVEL GEARS 
S i k o r s k y  A i r c r a f t  has completed t h e  techn ica l  e f f o r t  o f  t h e  U.S. Army AVSCOM 
p r o j e c t  t o  develop and document an improved automated method f o r  t h e  f i n a l  and 
in -p rocess  i n s p e c t i o n  o f  s p i r a l  bevel  gears, T h i s  improved manu fac tu r ing  method, 
which u t i  1 i zes a mu1 t i  a x i  s c o o r d i n a t e  measuri nq machi ne, was found  t o  be t e c h -  
n i c a l l y  success fu l  w i t h  s i g n i f i c a n t  c o s t  savings, and proved t o  be an e f f e c t i v e  
p rocess ing  techn ique  f o r  m a i n t a i n i n g  t h e  desi r e d  c o n t r o l  o f  s p i r a l  bevel  gear 
t o o t h  geometry. 
S i k o r s k y  now p l a n s  t o  implement t h i s  i n s p e c t i o n  process f o r  t h e  UH-60A BLACK HAWK 
and t h e  SH-60B SEAHAWK p r o d u c t i o n  s p i r a l  bevel gears manufactured a t  S i ko rsky .  A 
schedule and m i l e s t o n e  c h a r t  f o r  t h i s  implementat ion i s  shown i n  Enclosure ( 1 ) .  
T h i s  p l a n  i s  based on che assumption t h a t  t he  Zeiss UMM 500 Coord ina te  Measur ing 
Machine, p r o v i d e d  by t h e  U.S. Army, and p r e s e n t l y  i n s t a l l e d  a t  S ikorsky,  w i l l  be 
r e t a i n e d  on a r e n t - f r e e  b a s i s  and conver ted t o  p r o d u c t i o n  usage. 
( Z e i s s  ZMC 55001, r e q u i r e d  t o  e f f e c t i v e l y  support  t h e  BLACK HAWK and SEAHAWK 
p r o d u c t i o n  r a t e s ,  w i l l  be purchased and i n s t a l l e d  w i t h  c a p i t a l  funding.  As no ted  
i n  t h e  c h a r t ,  approval  o f  t h e  c a p i t a l  a p p r o p r i a t i o n  reques t  has a l r e a d y  been 
rece ived .  t h e  f i r s t  a i r c r a f t  w i t h  t h e  improved process c o n t r o l  gears i s  expected 
t o  be d e l i v e r e d  i n  J u l y  1987 on UH-60A A i r c r a f t  No. 996 and SH-60B A i r c r a f t  No. 91. 
The c o n t r o l l i n q  qear mano fac tu r inq  s p e c i f i c a t i o n ,  SES 50654, w i l l  be m o d i f i e d  and 
r e v i s e d  t o  i n c l u d e  t h i s  new i n s 9 e c t i o n  technique, i n i t i a l l y  as a recommended 
a l t e r n a t e  t o  t h e  j r e s e n t  Gleason t a p i n g  procedure. Our gear s u w l i e r s  a re  b e i n g  
encouraged t o  adopt t h i s  new i n s p e c t i o n  method as w e l l ;  however, i n  many cases, 
i t  i s  n o t  economica l l y  f e a s i b l e  f o r  them io do so a t  t h i s  t ime .  The approach t o  
be f o l l o w e d  i n  t h e  S iko rsky  gear p roduc t i on  f a c i l i t y  w i l l  be t o  use b o t h  i n s p e c t i o n  
methods i n  p a r a l l e l  f o r  a s h o r t  t r i a l  p e r i o d  ( n o t  t o  exceed 3 months) b e f o r e  
c o n v e r t i n g  100 pe rcen t  t o  t h e  automated system. 
i c a l  t e s t i n g  i s  a n t i c i p a t e d  f o r  t h i s  implementat ion a l though  t r a i n i n g  of a d d i t i o n a l  
p r o d u c t i o n  personnel  w i l l  be r e q u i r e d .  
The Q u a l i t y  Assurance p lans,  Q u a l i t y  Assurance Technica l  I n s t r u c t i o n  (QAT1 1 3055 
and QAT1 3039: t h e  procedures f o r  g r i n d i n g ,  i n s p e c t i o n  and r e c o r d i n g  o f  da ta  f o r  
s p i r a l  bevel  gears; w i l l  be r e v i s e d  t o  i n c l u d e  t h e  automated i n s p e c t i o n  process 
once t h e  requi rement  and e f f e c t i v i t y  o f  implementat ion i s  s e t  by t h e  a p p r o p r i a t e  
r e v i s i o n  t o  SES 50654. 
A second machine 
No a d d i t i o n a l  m a t e r i a l  o r  mechan- 
A breakdown o f  t h e  S i k o r s k y  A i r c r a f t  c o s t s  i n v o l v e d  i n  t h e  imp lemen ta t i on  of t h e  
improved i n s p e c t i o n  process a t  S i  korsky i s  shown below. 
Ze iss  ZMC 550 system equipment and sof tware,  $424,000 
i n c l u d i n g  t e c h n i c a l  t r a i n i n g  and t o o  
I n s t a l l a t i o n  
P r e p a r a t i o n  and m o d i f i c a t i o n  of a "c 
room 
Development o f  s p e c i a l  a n a l y s i s  f i l e  
BLACK HAWK and SEAHAWK p roduc t i on  sp 
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The implementation of t h i s  improved manufacturing process w i l l  improve t h e  
qua i t y  o f  s p i r a l  bevel gears produced a t  S ikorsky  w i t h  fewer r e j e c t i o n  r a t e s  
t raceab le  t o  nonconforming t o o t h  p r o f i l e s .  
cant  manufactur ing cos t  savings and w i l l  r e s u l t  i n  longer  l i f e  gears r e q u i r i n g  
fewer spares. 
Th is  e f f e c t  i s  achieved w i t h  s i g n i f i -  
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